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Factors Affecting the Water-Vapor Permeability 
of Leather 


By Joseph R. Kanagy and Robert A. Vickers, III 


This tigation was undertaken at the request of the Office of the Quartermaster 
(;,eneral, W s endeavoring to obtain fundamental information on the transfer of water 
apor thro ther, which may be applied in the development of improved Army sl 
measuring the water vapor permeability ts 


American Leather Che 


10eCs 


based on the present ap 
mists’ Association, but considerable lmprove- 
technique of assembling the permeability cell and he procedure 
g the determinations 
apor permeability of leather depends ipon a number of 
je, grease content, and the relative humidity and temperature of the 
atly reduced by the presence of the 


natural glvceride greases Phe ain 
aver of the leather appears to be the first stratum to become sat irated with grease and con- 
sequently is a highly influential stratum with respect to water vapor permeability The 
finish on tl : aver also has an influence on water vapor transmission Phere 
dependent correlation be 


air permeability 


tween water vapor permeability and 


eathers impregnated with different 


Studies on 


vpes of materia 


water vapor perme ability 


show that the 


decreases 


The comparative 


sulfonated oils 


sulfonated oils, acrylate resins, rubber, and stuffing greases 
vapor permeability of the leathers treated with the and acrviat 
attributed to the fluence of the polar groups i 


indicated that 


permeability of 


these impregnants. 
Studies flexing of the specimen had no influence o 
degreased leathers; however, for leat that containe 
an increase water vapor permeability on flexin 
The results of the experiments 


indicate that, in addition to gaseous diffusion, water 
uuigh leather by 


transmitted thre conduction over the 


liffusion 


surface or by some form of activated 

Evidence for the conduction mechanism is given by the behavior at low relat 
imidities, existence of an energy of activation, influence of temperature comparison of 
air permeability and water Vapor permeability, experiments with fabrics 
variations of diffusi 


idie- of the effect ot gross al press 
equipment 


al rlass disks, 
ol constants, and the results of st ire 
amie 


I. Introduction 


and manufacture of materials that will give 


improved service and yet maintain a sufficiently 
high level of water vapor permeability to assure 
, comfort to the weare! 
for use in the construction of shoes a : 
; The water vapor permeability of 
ize of the factors involved in this prop- ; 
; inherently high 
retore, Important mn the proper selection . 


ty to transmit water vapor ts one ol 


tant properties of leather that makes it 


leather is 
However, the use of fats and 
resistance of shoe 
leather may lower water vapor transmission to the 
pom below 


greases to improve water 


the critical level, which has not been 
determined, at which the foot may be comfortable 
Water 


tpor Permeability of Leather 
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under a particular set of temperature and humidity 
conditions which the wearer of the shoes may 
encounter. It would be desirable to maintain 
water vapor transmission at a high level while 
simultaneously liquid water transmission is main- 
tained at a low level 

The purpose of the present investigation was 
to study the mechanism of water vapor trans- 
mission and to attempt to develop and standardize 
a more suitable method for measuring it. In this 
connection the work of Bradley, McKay, and 
Worswick (1],? Edwards [2], Mitton [3], Hobbs [4], 
and Maeser 15] on leather has given considerable 
information which has been applied in this study 
The work of the Institute of Paper Chemistry |6] 
and Carson and Worthington |7] on paper, a study 
of the permeability to moisture of synthetic 
resins for aircraft by Kline [8], the work of Doty, 
Aiken, and Mark [9, 10] on organic films, and the 
work by Harris and Fourt [11] on fabrics have 


been helpful in this investigation. 


Il. Test Method 


The basic principle in all water vapor permea- 
bility tests developed for leather is the use of the 
specimen as a diaphragm with a region of high 
relative humidity on one side and one of low 
relative humidity on the other. The gain in 
weight per unit area on the low relative humidity 
side in unit time is expressed as the water vapor 
permeability. One of the earliest and simplest 
tests was developed by Wilson and Lines [13] 
They put sulfuric acid in a bottle, over which a 
leather specimen was placed by fastening it in the 
cap, which was then screwed down on the top 
The bottle and contents were weighed from time 

Work by Mitton [3] and by the Institute of 
Paper Chemistry [6] has shown that a static air 


to time to determine the gain in weight 


space between the specimen and the desiccant 
influences the result since the diffusion of water 
vapor is retarded by air. Thus, for highly perme- 
able leathers the result may be the permeability 
of the underlying air space rather than that for 
the specimen. The atmospheres of high and low 
relative humidities should, therefore, make imme- 
diate contact with the opposite faces of the 
specimen 


This condition is readily achieved on the outer 


F igure n brackets indicate the teruture reference it the end of tl 


face by rapid ventilation. On the low 
humidity side, circulation involves cor 
apparatus, but has been accomplished 
rapid passing of dry air. The necessary 
can be more conveniently met tn a cell 
placing the desiccant in contact with the leg 
The former has been used successfully by Ed 
| 


[27] and by Maeser [5], whereas the latter | 


l= 


used successfully by Carson [7] 


and by tl 
tute of Paper Chemistry [6] and is applix 


present ALCA test |12] 


1. Description of Method Used 


The method used in this work is a mod 
of the ALCA test This procedure was 
because of its speed, convenience, ease of ay 
tion, and ease of duplication of conditions 

The water vapor permeability cell dey 
shown in figure 1, A. It consists of a 


aluminum cup with a flange The total aia 


A 8} 


()@ 


is about 4 in. The flange is bent in su 
that a raised rim is formed at the edge of 
upon which the leather fits tightly. In p 
the cells, the cup is filled with the desice 
the leather specimen having a larget 

than the cup is placed over the rim. A 


copper template (fig. 1, D) having on 
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to have the same diameter as the cup is 
aus nearly as possible directly over the 
ten microcrystalline wax is poured 
vroove formed by the template and the 
‘his seals the edge of the leather and 
o the cell After the wax has hardened, 
template is removed, leaving an area 
of the leathet exposed Cooling the 
n a refrigerator prior to use assists in 
adhesion of the wax. 
<3 the position ol the desiccant with 
the specimen is shown, and figure 1, E 
side next to the desiceant of a leather 
on which tests have been completed 
upleted cell is hung in a cabinet of the 


cribed by Carson and Worthington |7] 

red temperature and relative humidity 
sare weighed at various intervals of time 
from the cabinet to 


without removal 


the rate at which the leather transmits 
otherwise stated, the temperature at 
This 


ire is used because it closely approxi- 


measurements are made is 100° F 


tes body temperature. Less time is also re- 


ed to reach a steady state at this temperature 
a lower temperature. Conditions of 
tive humidity in the range 40 to 65 percent 


found satisfactory The time required for a 


irement by this method is 4 to 5 hrs compared 
> days required in the present ALCA test 


‘he cells may be prepared in about 5 percent ol the 
me required by the ALCA test The period 
which the rate of gain of the cell was most 
early constant was taken as the value for the 
vapor permeability. This was usually over 
nterval of 2 to 4 hrs. The rates of gain 
this period were averaged and expressed 
er 100 min 
cess of the desiccant method depends 
upacity for wate! vapor of the particular 


The salt used as the desiccant should 
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maintain a high capacity for water over a great 
This 


time period must permit the specimen to come to 


enough time period for completion of a test. 


equilibrium and then continue the adsorption of 
Water at a constant rate The rate of adsorp- 


tion per unit time may be taken at any point 
after a constant rate of gain has been reached 
In figure 2 the behavior of anhydrous calcium 
chloride, anhydrous magnesium perchlorate, and 


16 
-_ 


~ 


GRAMS WATER/25 cm 2 
@ 


Lb 





Drierite when used 


in the cell is shown 


anhydrous calcium sulfate 
The results were obtained 
with chrome-tanned calfskin at 44-percent relative 
They 


show that calcium chloride is highly superior to 


humidity on the high vapor pressure side 


Drierite and better than magnesium perchlorate 
with respect to the maintenance of a high capacity 
for water vapor over an extended period ot time 
The curve for caleium chloride is a straight line, 
whereas the other two curves tend to level off 
All of the following determinations, unless other- 
wise stated, were made at 100° F with a relative 
humidity of 53 percent on the high-pressure sice 
and calcium chloride in contact with the specimen 


on the low-pressure side 
2. Some Typical Results With the Method 
In table 1 


are shown water vapor permeability 





rasBie | le } pe hilit ‘ arious leathers at 1 


e humidit 


hr , 
Alum-forn 
Indian-tanne 


Rawhide lace 


values obtained with the above-described method 
The 
thickness and grease contents of the leathers are 
It that the water 


vapor transmission is dependent upon both grease 


for a number of different types of leather. 


also given may be observed 
content and thickness. 

The correlation between the ALCA method [12] 
and the new method used in making the tests in 
this In the 
ALCA method, a cell is prepared by cementing 
the leather specimen on the top of a tannin dish 


is shown in figure 3 


invesigation 


This is a circular dish, about 3 in. in diameter and 


METHOD 
G /25 CM’/100 MIN 


VAPOR . 


WATER 


| 








0.6 

25 cM" 
METHOD 

1 ome 


po pe 


thod 


} 


jor 


ent relat 


F with 1 3-pere 


the lou apor pressure side 


1.5 in. deep. Drierite is placed in the dish | 


to the sealing of the specimen. The prepared 
is placed on a rack in a room at a constant t 
The cell is tun 
specimen side down, so that the desiccant is 
Weighings are m 


perature and relative humidity. 


contact with the specimen 
from time to time to determine the rate at \ 
water vapor passes through the leather 
results obtained with this method shown in fig 
3 were obtained at 50-percent relative humid 
KF. The correlation is good except 
it is curvilinear. The nature of the correlatio 
undoubtedly caused by the fact that Drierit 
used in the ALCA test. Its capacity for hold 
water is low, and therefore the rate of pickup 
There will then | 


and 73° 


decrease rapidly with time. 
tendency for the curve showing increasing \ 
vapor permeabilities to become asymptoti 
some maximum value that would approach 
saturation point of the Drierite used in th: 


III. Mechanisms of Transmission of 
Water Vapor 


The of 
through a fibrous organic material or throug! 


mechanism water vapor transmiss 


organic film has generally been accepted 
sisting of gaseous diffusion through por: 


conduction By conduction is meant n 


by means of solution, activated diffusion, : 


lary action from a region of high concent: 
a region of low concentration over a wate! 
ing surface. In transmission by capillar 
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In hig 
umd 
ppt 

lation 
leril 


hold 


ved that water condenses in small pores 

ch relative humidity side and the migra- 

eeds automatically toward the region of 

entration on the low relative humidity 

tton [3] states that the diffusion of water 

por occurs mainly in the free spaces within the 

ather. On the other hand, Wilson [13] and 

wards [2] believed that the water vapor was 
insmitted by capillary action 

{ecording to the most generally accepted con- 

1 of the fibrous structure of leather, long parallel 

hains of polypeptides form submicroscopic fibrils. 

‘hese fibrils, in turn, form larger fibrils. The fibrils 

m fibers that are interwoven to give the physical 

ructure that is visible on close examination of the 

le or leather. Such a network produces a large 

uber of pores or capillaries that vary in size. 


These might be divided into four categories ac- 


rding to Schulze (See Paine) [17]: (1) Macro- 
pie and microscopic cracks and spaces, (2 
ibmicroscopic capillaries and canals, (3) inter- 
lecular spaces, (4) intramolecular spaces. It 
vould be expected that the macroscopic and micro- 
opie spaces would be associated with gaseous 
fusion. Submicroscopic capillaries would be in- 
ived in capillary flow and activated diffusion, 
would be associated only 
th activated diffusion According to Doty, 
liken, and Mark [9], two types of activated 


fusion are involved in water vapor transmis- 


tegories (3 and (4 


n—one in which the transmission takes place 


through preformed pores and one where the trans- 


sion takes place through the formation of tem- 
Orary pockets caused by the kinetic action of the 
nolecules. The former type of activated diffusion 
id occur through both macroscopic and micro- 
pic pores, whereas the latter type would occur 
¥ through inter- and intramolecular spaces 
Results from X-ray studies [18] indicate that 
len water enters the region of the submicroscopic 
ym posed of polypeptide chains, swelling 
ind the distance between chains is increased. 
is, therefore, that a certain energy change 
involved when water becomes associated 
se groups, and therefore transmission 
this fine structure could occur only by an 
diffusion. The activated diffusion 
the macroscopic and microscopic capil- 
weeds by the adsorption of the water 
on the water attracting group on the 


When the energy of adsorption has been 
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dissipated, the water molecule will vibrate and ac- 
quire the kinetic energy for desorption. The 
molecule will then proceed further over the surface 
of the fiber to another active spot. This action 
will continue until the water molecule passes 
through the leather. The migration will proceed 
from the region of high concentration to that of a 
low concentration. The activated diffusion 
through intermolecular spaces will proceed by the 
same mechanism, except that the molecules will 
have to depend upon temporary openings consist- 
ing of pockets and crevices formed at random, and 
the rate of transmission will be much lower 

It is conceivable that capillary action occurs in 
the microscopic and submicroscopic pores by con- 
densation on the high relative humidity side and 
then migration and evaporation on the low rela- 
Migration by solution is not 
However, 


tive humidity side. 
considered to be important in leather. 
the behavior of the water in the region of the 
polypeptide groups might be interpreted as a 
solution process. The ways in which water vapor 
transmission depends upon important variables 
provide clues to mechanisms involved in the 
process. The succeeding sections of this paper 


give results of such studies 


IV. Effect of Important Variables on Water 


Vapor Permeability 
1. Fundamental Equation for Diffusion 


Many attempts have been made to represent 
water vapor transmission data by means of the 
linear diffusion equation, one form of which is 


riven 


where m=mass of water in grams passing in ¢ 
seconds ; 

the area of the diaphragm in square 
centimeters ; 

difference in concentration at the two 
surfaces in grams per cubic centi- 
meters; 

thickness of the diaphragm in centi- 
meters; 

A =diffusion constant 


This equation has the same form as the equation 
for the heat conductivity, where A’ depends upon 


the nature of the substance 
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humidity increases and appears to deer 
at a relative humidity of about 10. At 
tive humidities the constant will necess 
low, since the permeability is low for th 
given when figure 11 is discussed. How 
the higher relative humidities when the at 
groups 1n the protein become covered wit 
molecules, the conductivity of the mat 
be increased. It appears that water may 
ducted most rapidly over other water mx 
The results obtained for the diffusion co 
of leather given in figure 4 are of the same « 
of magnitude as those obtained by Mitton 
Mitton’s values for the diffusion coeffici 
appear to be cvreater for the thicker samy 


leather. 


5 








> 


In figure 4 the change in A with the thickness of 


the material is shown. The data show that A 





CM‘/SEC x 107° 
uw 


Is not constant except possibly for nvlon; therefore 
some mechanism other than or in addition to 
gaseous diffusion must be involved With leather, 
eotton duck, and glass cloth, the values for kK 





CONSTANT, 


increase as the thickness increases, which indi- 
cates that the material has a specific influence on 
the diffusion. A’ values for nylon do not increase 


appreciably with thickness, which indicates that 





DIF FUSION 


linear diffusion fairly well represents the behavior 
of this material and the material itself has little 
influence on the transmission of water vapor 


The fact that the diffusion constant increases with 





A. 


increasing thicknesses for all except nylon indi- 40 





cates that there is an induction period involved in RELATIVE HUMIDITY 
the process. This is probably in the initial contact - 
It RE » ange 
of the water vapor with the material, some time Siieel aeilaidiall 


apparently being required for the water molecules a pe es 
to attach themselves. After this has occurred, the 


2. Air Permeability Versus Water Vapor 


diffusion proceeds more or less rapidly, depending 3 
ry ; —— | Permeability 


on the type of material. The highly polar glass, 

cotton, and leather appear to be more influential The relation between air permeability an: 

on the conduction of the water vapor than the less vapor permeability for a number of leath: 

polar nylon is shown in table 2. The first four values g 
The variation of the diffusion constant with the are for chrome-retanned sole leather. The 

relative humidity is shown in figure 5. The are for vegetable-tanned sole leather \ 

diffusion ‘‘constant’’ increases as the relative meability was determined by the method d« 
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[15]. The thickness 


se contents of the splits are given along 


nh and Worthington 


air and water vapor permeabilities. It 
noted that as the air permeability de- 


the water vapor permeability also de- 


however, the range of the air permeability 


200 to 1: whereas the range of the water 


rmeability is little more than 2 to 1. For 
types of leathers those having high water 
rmeability usually have high air permea- 
the 
yperties apparently involves other factors 


so: however, relation between these 


ndependent of each other. 


new ideas and important information 


obtained by studying the properties of 
different 
th which the tests are directly concerned 


s somewhat in character from 
reason some tests were made with various 
cloth fabrics and Pyrex-glass disks 

6 and table 3 compare the air permeabil- 
vater-vapor permeability of nylon and 
Water-vapor 


ed on disks of the material about 2%; in 


fabric permeability was 
ter by the same method as was used for 
Air 
dd by the method described by Schiefer 
16] 
increasing the number of plies 
ved that the of the 
lity to air permeability for glass fabric is 


her specimens permeability was 


and Thickness of the fabrics was 
It may 
ratio water-vapor 


in that for nylon fabric 
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the cloth 
The 
permeabilities of both types of cloth happen to 
be the the 
wWater-vapor This 


indicates that although the ai permeabilities of 


In figure 7 the data obtained with 


fabrics are plotted against thickness air 


thickness, whereas 


different 


same for given 


permeabilities are 
the two types of cloth correlate with each other, 


the permeabilities do not correlate 
and are obviously dependent upon the properties 
of the 


higher water-vapor permeability per unit 


Wwater-vapol 


The glass fabric shows much 
thick- 


materials 


ness than the nylon 
fritted Pyrex- 
in diameter and of the 


ah 
These 


Experiments were made with 


glass disks about 2°) in 


tvpe used in filtering equipment disks 


apo 





4/100 MINUTES 


VAPOR . PERME ABIL IT Y, 


5RAMS/25 CM, 


WATER 











ole 50 
THICKNESS, MILS 


were obtained from the Corning Glass ( 
approximate pore SIZe for each disk an 
pel 


manufacturer 


for the air permeability and water 
the 
values are given in table 4, along with t] 


that 


were furnished — by 


determ 
for the 


It may be noted that both water penetra 


vapor permeabilities were 


the same method as was used 
air permeability increase rapidly with in 
pore size, whereas water-vapor permeahi! 
creases for the two greatest pore sizes 

area would also decrease as the pore size in 
and it appears from these results that th 
vapor permeability is a function of the 


area 


qu ad wate perme 


fled disks 


on @ 


GRAMS/ 25 CM2/100 MINUTES 
oy 


WATER VAPOR PERMEABILITY 








q—_®_/__» _» 
2 30 re) 
THICKNESS, 


MILS 


iUREYV Effect of grease content and thickness 


apor pe meabil fy of ipper 
nts of flest je split off U pp 


legreased 
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Wi 


search 





later | 


! 


f Grease Content and Thickness on 
Water Vapor Permeability 


ts of table 1 indicate that thickness and 
ent influence water vapor permeability 
tailed study of these factors was made 
the effect of thickness 
of 


vegetable tanned sole leathers 


nd table 5 show 


iter vapor permeability vegetable- 
ist and 
s for the two leathers are nearly paral- 
little effect, since the 


itent in these leathers was less than 5 
The water vapor permeability increases 
and is for 
The differences 


permeabilities ol these two 


ase in thickness vreater 
er than for sole leathet 
ter vapor 
leather can probably be explained by 
nees in their densities 

e 9 and table 6 is shown the influence of 


| of thickness on the water vapor per- 


tpor Permeability of Leather 


meability of upper leather. The sample contain- 
ing 22.8 percent of grease shows very low water 
vapor permeability, which does not increase with 
decrease in thickness. The thickness was varied 
by splitting successive layers off of the flesh side. 
Thus the results show definitely that the grain 
layer of this leather governs its transmission prop- 
erties After degreasing, this leather shows the 
same variation of water vapor permeability with 
The leather 
grease was a fat- 
little effect 
The grain layer in this leather 


thickness as was shown in figure 8 
10.2 ot 


Degreasing had 


containing percent 


liquored ty pe on 


its permeability 


appears to influence the water vapor permeability 





-_ 
Chis is 


apparently caused by the fact that the finish was 


of both degreased and creased samples 


sufficiently stable to resist the action of the chloro- 
form, which was used in removing the grease. 
Mitton [3] and Wilson and Lines [13] have shown 
that the finish on the grain influences the water 
vapor permeability 

The variation of the water vapor permeability 
with thickness when increments of the grain side 
are removed is shown in figure 10 and table 6. 
The curve shows a very rapid increase in water 
vapor permeability with decrease in thickness 
This is further proof that the grain layer of 
heavily greased upper leather exerts the predomi- 
nating influence on the water vapor transmission 


4. Effect of Relative Humidity on Water Vapor 
Permeability 

The dependence of water vapor permeability 

on relative humidity at constant temperature is 


shown in figure 11 and table 7. Approximately 
straight-line relationships are shown for each type 
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jURE II. 


of leather. These lines, with the exception of 
for the heay ily greased lace leathers, on extra 
tion show zero transmission at about 10-p: 
relative humidity. This behavior is surpris 
and no definite explanation can be offered a 
time. It has been shown that the heat of ads 
tion of water by leather is highest in atmos 
of less than 10-percent relative humidity, o1 
low concentrations of water are adsorbed 
probable then that under these conditior 
water is held within the leather so strongly 
steady state of transmission is not ¢ 
under the conditions of the experiment 
the active sites within the leather are s 
which happens when higher concentrat 
water are adsorbed, then the water vapo 
transmitted rapidly. These results again 
that the leather surface has some influence o1 
water vapor that passes through, and 

the mechanism must involve other fact: 


that of gaseous diffusion 


on wate ape permeab 
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Apparent Density on Water Vapor 


Permeability 


© apparent density of leather varies 


is the pore volume, it is expected that 





9.2 0.3 2.4 0.5 0.6 0.7 0.8 0.9 


WATER VAPOR PERMEABILITY, G/25cm?/100 MIN 


meabilit 


apor pet 
ty and the thickness 


TABLE & 


6. Effect of Temperature on Water-Vapor 


Permeability 


e kinetic energy of the water molecules 


vith in temperature, it might 


ed that 


Increase 
the 
increase, ‘n 
of different types of leather were used 
30° 45° C 


water-vapor permeability 
these tests duplicate 


Tests were made at and 


different relative humidities for 


re These results are given in table 9 
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Effect of apparent dens 


/ 


there might be a correlation between this factor 
and the water vapor permeability. In the study 
of the effect of apparent density, the same group 


All the 


How- 


of samples as shown in table 1 was used 

leathers were degreased prior to the tests 
ever, they did not have uniform thicknesses, and 
the results are therefore modified somewhat by 


was 


this factor, which was shown previously to 
of the 


correlation was obtained if 


significant. In a study results, it 
found that the best 
the water vapor permeability was plotted against 
the product of the thickness in centimeters and 
the apparent density. This is shown in figure 12, 
and the data tabulated table 8. These 
results suggest that the water vapor permeability 


are in 
is inversely proportional to the mass or density of 
fibers between the atmosphere of high and low 
relative humidity. However, a low apparent den- 
sity not only is indicative of high pore volume, 


When the fibers 


are packed closely together, the leather loses not 


but also of high surface area 
only pore volume but also surface area 


meab 


apor pe 


and figure 13. In figure 13 the logarithm of the 


permeability is plotted against the logarithm of 
These 


chosen because their relation can be shown fairly 


the vapor pressure. parameters were 


The numbers at the ends 
The 


curves show the variation of the log of the per- 


well by a straight line 
of the curves signify the leather specimens 


meability with the log of the vapor pressure for 
each temperature. The unfilled dots are for 30° 
the filled for 45° C All 


points except that for one specimen at the lowest 


C, whereas dots are 
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PERMEABILITY 


n pe I e or 


getable-tanned 
Retanned upper (deg 
Alum-formaldeh yd 
Vegetable-tanned 


relative humidity at both 30° and 45° C show 


fairly good straight-line relationships 


The results indicate that at the same -vapor 
pressure the permeability is less at 45° than at 
30°C. The relation of temperature and relative 


This 


is because for equal relative humidities the vapor 


humidity to permeability is often confused 


pressure is much greater at the higher temperature 
and the absolute humidity or total moisture con- 
tent must be considered Therefore the statement 
is often made that the permeability increases with 
temperature. Bradley, Worswick 


[1] have stated that the water vapor permeability 


MeKay, and 
increases 6.5 percent for each degree rise in temper- 
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ature. This occurs probably under con 
constant relative humidity. 

Work on the adsorption of water 
leather and collagen has shown that at 
the adsorption decrea 
14). This 


therefore, that the permeability may be in 


Vapor pressure 


increase mm temperature 
by the amount adsorbed or by the ease w 
the water makes contact with the leath« 
Work on plastic films [9, 
meability increases with temperature. This 


10} has shown 


was also done at constant relative humidity 
The plast 


however, do not adsorb appreciable amouw 


than constant vapor pressure 


water, and it is probable that the mechanis 
penetration of these two types of materials 
different 
According to the activated diffusion mecha 

postulated for water vapor transmission, a « 
amount of energy is required to free adsorb 
bound water from an active site before it 
on to the next one. This energy is analog 
to heat of vaporization and is often called 
of activation for permeation.”” A value fo 
energy of activation for leather can be eval 
from the data in figure 13. For equal permeal 
values at the two temperatures, the logar 
of the vapor pressure difference is read off « 
sponding to each temperature, and the \ 
substituted in the Clausius-Clapeyron eq 
log P, log P 

l l 

T~T. 


was taken at 1.3 0n each of the 30 


AH =2.303R 


Log P? 
The corresponding value of P; in each 
found by going vertically upward to tl 
section with the 45° C line for the same sa! 
leather 

The average value obtained from the sis 
in figure 11 was 3,575 calories/mole 
an energy of activation for permeation ts 
evidence that the water vapor permeal! 
leather Is not solely rascous diffusion, but 
also some form of “activated diffusion” ot 


conduction 


7. Effect of Type of impregnant on Water 
Permeability 


In an application of the hypothesis that 
transmitted more rapidly over a_ pola 
medium, were |! 


nonpolar experiments 
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Water 


IMPREGNANT ,% 


tpor Permeability of Leather 


which degreased chrome-retanned upper leather 
was treated with various types of impregnants 
These impregnants included sulfonated oils, stuff- 
ing greases, rubber, and acrylate resins. The 
stuffing greases were added in two ways: (1) by 
the customary procedure, which is by wetting the 
leather and then applying the molten greases to 
the surface, and (2) by using a solvent. The 


solvent method was used principally so that a 


legitimate comparison could be made between the 


grease and the rubber and the resins, the last two 
of which were added ina solvent. The addition of 
a small amount of the stuffing grease by the usual 
procedure cannot be done uniformly, and con- 
siderable variation was obtained, as is indicated 
by the results that are given in table 10 and plotted 
in figure 14. The stuffing mixture used was ob- 
tained from a manufacturer of upper leather and 
consisted of petroleum wax, moellen, and fatty 


oils and greases. 


treated with 





As shown in this figure, the stuffing procedure 
forms a film over the surface of the leather, and a 
nearly impermeable membrane is formed for low 
concentrations of grease. This is also shown in 
figure 9. The stuffing grease added by means of 
a solvent shows a less rapid decrease in water 
vapor permeability with increasing grease content, 
probably because a more uniform distribution of 
the grease is obtained The leathers treated with 
rubber show less decrease in water vapor permea- 
Sulfonated oil 


shows very little effect on the water vapor per- 


bility than the stuffing greases 


meability, and the acrylate resins appear to 
These 


results are in agreement with the hypothesis that 


maintain fairly high rates of transmission 


polar groups influence the water vapor permea- 
bility, since both sulfonated oils and the acrylates 
these types of Rubber also 


contain groups 


maintains fairly high permeability in leather 
This might be explained by assuming that it enters 
and fills only the larger pores, the smaller pores 
remaining intact for the transmission of water 
vapor. The latter hypothesis might be applied 
to all types of resinous materials Thus it might 
be assumed that these particles can enter only 
those pores that are above a definite range in size 
This hypothesis can be further studied by making 
experiments with polymers with varying molecular 


weight ranges 


8. Effect of Gross Air Pressure and Flexing on 
Water Vapor Permeability 


In order to perform some tests that would 


approach more nearly the conditions to which 
shoes are subjected in actual service, a method of 


measuring the water vapor permeability of leather 


ANNULAR RING FOR 
CLAMPING CHAMBERS 
TOGE THER VARIABLE SPEED 

TRANSMISSION 

TO 220 RPM 





“i 
ADJUSTABLE 
CAM 


ORY ] - 
HAMBER HUMIC 
HAMBER >GAS OUTLET 
LEATHER DIAPHRAGM 


ANT RUBBER GASKET 


Fieure 15 Sketch of the equ pment ised to determine water 


apor permeahi ty under dynamic conditions 
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during flexing was developed. <A sketel 
The 1 


of dynamic gas streams used by Edwards 


equipment is shown in figure 15. 
by Maeser [5] was applied. The apparat 
sists of two chambers separated by a dia 
of the leather under test. The condit 
relative humidity and pressure in each ¢ 
may be varied as desired. The ame 
moisture that penetrates the leather is det: 


by the pickup in the dry gas stream, the moist 
being removed from this stream after it leas 
chamber by passing it through a tube cont 
a drying agent. The leather specimen 1 
flexed as a diaphragm, to simulate the flexing 
shoe vamp in walking. The flexing is don 
rod fastened to the center of the specimen 
connected by an adjustable cam to a var 
speed transmission. Any speed up to 220 
with any stroke up to 1.5 in. may be attai 
Tests may also be made with the leathe: 
phragm under static conditions (no flexing 
The results obtained with the dynamic eq 
ment on degreased upper leather are show 
figure 16, where the water vapor permeability 
plotted against. the difference in pressure of 
between the two chambers in centimeters 
diamyl phthalate (approximately g/cm 
dry air was passed through one chamber 
rate of 2.0 ft®/hr, whereas air saturated with w: 
vapor at 73° F was passed through the 
chamber at different rates to give the differ 
in pressures of air shown in the figure. Su 
was difficult to obtain exactly equal pressur 
both sides to give a zero difference, tests 
made varying the pressure from a high on 
side to a high on the other. The point wh« 
curve crosses the zero pressure line is equ 


to the water vapor permeability a 


°o 
be 


° 
uw 


p 
is) 





° 
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Figure 16 Influence of flexing on the wate 
mealhility of deqreased ipper leathe 


+ Static wfore flex tatic, after flex; *, flexir 
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ro pressure, 


difference. The negative pressure given 
raph is indicative of highest pressure on 
through which dry air was passed. The 
. these experiments was done at a rate of 
nd the stroke was %, in. 
ling to the graph, the water vapor perme- 
f the degreased leather is the same 
or not the specimen is flexed. The slope 
irve indicating the rate of water vapor 
ssion With difference in air pressure is the 
hether the pressure is high on the dry or 


hambers. This appears to indicate that 


{ the moisture passes through independently 


If the 
within the air stream, 


ir stream and even counter to it 
e moved entirely 
iter vapor permeability would be expected 
It might be expected that the 


for the water vapor permeability at the 


pressure is slightly greater than that which can 
be accounted for by the moisture content of the 
air. It is therefore probable that the moisture is 
adsorbed by the leather and is conducted over its 
surface more rapidly than if it were carried along 
with the air stream. ‘The increase in transmission 
with increase in pressure must be partially caused 
by increased adsorption of moisture by the 
leather. 

The influence ef flexing on the water vapor per- 
meability of upper leather containing grease is 
These 


performed by the same procedure as that for the 


shown in figure 17. experiments were 


degreased leather The results show that the 
water vapor permeability under statie conditions 
after flexing is increased, and the permeability 
In the 
discussion of figure 5, it was shown that the 


during flexing is substantially increased. 


int where the curve crosses Zero pressure Is that barrier offering the main resistance to the passing 


mally obtained by the difference in concentra- of water vapor for the highly greased uppet 


of water vapor. The slope of the curve leather was the thin top grain split. Flexing 


iid then be caused by the moisture that passes 


would undoubtedly break this impermeable film, 


G/CC 


, 


VAPOR 


WATER 


ugh the pores of the leather in the air stream. 


the slope of the curve above zero 
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Influence of flerina on the wate apor per 


/ Oo} upper eathe ontaining a high percentage of 


Vapor Permeability of Leather 


and after flexing, its permeability to water vapor 
should be increased as is shown. The further 
increase in water vapor permeability shown during 
flexing is probably caused by a wider opening of 
this film, allowing the moisture to pass on through 
in the air stream. The difference between the 
rate of the water vapor permeability at zero air 
pressure for the flexed leather and that obtained 
on increasing the air pressure is equal to the 
present in the air stream that 


amount passes 


through the leather. The explanation for the 
difference in behavior in this respect between the 
degreased and the greased leather is the lower 
adsorbing power of the latter. 

The fact that the water vapor permeability of 
heavily greased leather increases on flexing has an 
important practical significance. The percentage 
of the total area of the upper of a shoe that is 
flexed to any extent Is probably about 50 percent, 
so that the increase in total water vapor perme- 
ability might be significant. The water vapor 


permeability increases further on flexing with 


increase in pressure. There is undoubtedly some 
increase in pressure in a shoe on walking; however, 


the amount is not known. 


V. Conclusion 


The results of the experiments indicate that in 


addition to gaseous diffusion, water is transmitted 


361 








through leather by conduction over the surface 
or by some form of activiated diffusion. The evi- 
dence for the conduction mechanism has been 
pointed out briefly within the paper. This evi- 
dence consists of the behavior at low relative 


humidities, existence of energy of activation, 
influence of temperature, comparison of air per- 
meability and water vapor permeability, experi- 
ments with fabrics and glass disks, variations of 
diffusion constants, and studies of the effect of 
gaseous air pressure with the dynamic equipment 

The behavior at low relative humidity shows 
the influence of strong adsorption forces that 
appear to hold the water within the leather so 
that a definite pressure head seems to be required 
to force it through The effect of temperature 
on water vapor permeability also shows the influ- 
ence of the surface. At a higher temperature the 
water molecules have a greater kinetic energy so 
that the diffusion forces are greater; however, for 
the same vapor pressure, the permeability is 
actually lower, which is in line with the fact that 
the adsorption of moisture is decreased as_ the 
temperature is increased. Here again is shown the 
influence of the surface properties 

The fact that water vapor passes through glass 
disks having small pores at a greater rate than 
through those having larger pores can be explained 
only by the fact that the smaller pores are asso- 
ciated with greater surface areas. Likewise the 
variation of the diffusion constants with the thick- 
ness of the materials and with relative humidity 
gradient shows the influence of the material itself 
on the permeability. These results indicate the 
greater activity of the highly polar glass, leather, 
and cotton surfaces as compared to the less polar 
nylon surface. The influence of polarity is also 
shown in the studies of the effects of different 
impregnants 

Studies of the effect of gross air pressure in the 
dynamic equipment indicate that the water vapor 
permeability is not dependent on the air permea- 
bility and may proceed counter toit. The variation 
of water vapor permeability with apparent density 
is believed to magnify the importance of diffusion; 
since the surface area will also increase with de- 
crease In apparent density, and this may be the 
reason for the increased permeability under these 


conditions. Asa result of these studies, it appears 
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that activated diffusion is an important mech anis U 
in the transference of water vapor through leath, 
As stated in the introduction, the purpose of t/ 
work was to study the mechanism of water 
permeability and to develop a test metho 
would be well to follow this with a study 
comfort and health of the foot as influen 
A study of this pro 
erty as influenced by special treatments and 


water vapor permeability. 


use of a variety of materials might lead 
development of a more comfortable and mo 
serviceable shoe and would be extremely va 

to the Armed Services. 


VI. References 


1] H. Bradley, A. T. MeKay, and B. Worswick 
Soc. Leather Trades Chem. 13, 87 (1929 

{2} R.S. Edwards, J. Int. Soc. Leather Trades Ch: 16. 
$30 (1932 


3) R. G. Mitton, J. Int. Soe. Leather Trades Ch: 31 

14 (1947 
4) R. B. Hobbs. J Am. Leather Chem Assoc. 36, 

1941 . 
5) M. Maeser teport submitted to OQMG Mt 
6] The Institute of Pape r Chemistry Instrum at 

Studies 44, 49, 50, 51, 52, 53, and 54. Or 
7| Frederick T. Carson and Vernon Worthington, NBs 


Circular C453 (1946 
8} G. M. Kline, J. Research NBS 18, 235 (1937) RP974 
9] Paul M. Doty, Captain Wm. H. Aiken, and Herma 
Mark, Ind. and Eng. Chem. Anal. Ed. 16, 68 
1944 
(10) Paul M. Doty, W. H. Aiken, and H 
Eng. Chem. 38, 788 (1946 
[11] Lyman Fourt and Miltor 
J. 17, 256 (1947 


Mark, I: 


Harris, Textile R 


12} The American Leather Chemists Asso¢ Met! 
sampling and analysis, Section E, physica 
of leather 

13] J. A. Wilson and G. 0. Lines, Ind. Eng. Che 17 


570 1025 
NBS 44, 31 (1950) RP205t 
Assoc. 45, 12 (1950 


14] J. R. Kanagy, J. Researc! 
J. Am. Leather Chem 

[15] F. T. Carson and Vernon Worthington, J. Re t \) 
NBS 26, 467 (1941) RP1390 

16] Herbert F. Schiefer and Paul M. Boyland, J. R 
NBS 28, 637 (1942) RP1471 


17] F. A. Paine, The permeability of organic mem 


to gases and vapours (The Printmg and 

Trades Research Association, Charterhouse Cha 

bers, Charterhouse Square, London, E. ¢ i \ 
1949 


ILS R s Bear, J Am. Chem. Soe 64, 727 1942 66, 


1944 


WASHINGTON, November 3, 1949. 


R 
Journal of Research ™ 





Research Paper RP2083 
Volume 44, April 1950 


| S. Department of Commerce 
il Bureau of Standards 


Part of the Journal of Research of the National Bureau of Standards 





ip Reduction of Halomethanes with Lithium 
S pro Aluminum Hydride 
By Vernon H. Dibeler 


i ; 


unidentified olefin calculated as octene 
\pparent exceptions to the analogy of lithium 

- im hydride and the Grignard reagent have 
isly to differences in the 


been ascribed 


cree of reactivity rather than mode of reaction 


ii. Reduction of Halomethanes 





\ study has been made of the reactions of lithium aluminum hydride with methyl 
bromide, methylene chloride, methylene bromide, methylene iodide, chloroform, bromoform 
and carbon tetrachloride. Except for hydrogen and unreacted halide, essentially pure 
methane was formed in each cas¢ The amount of hydrogen evolved increased with the 
tumber of halogen atoms in the molecule, reaching a maximum in the reduction of carbor 
tetrachloride This fact, together with the absence of hydrocarbons heavier than methane 
16. ndieates that the reaction proceeds by a step-wise process rather than a simultaneous strip- 
ping of several halogen atoms from the molecule 
31 
36. I. Introduction This paper reports the reduction of a number of 
halomethanes containing one to four halogen 
Che discovery of lithium aluminum hydride and atoms; i. e., methyl bromide, methylene chloride, 
s effectiveness as a reducing agent [1] ' has been methylene bromide, methylene iodide, chloroform, 
owed by its application to the reduction of a bromoform, and carbon tetrachloride. The re- 
; variety of organic compounds including alkyl sults show that lithium aluminum hydride is able 
RPo allyl halides, nitriles, aromatic nitro com- to react with compounds known to be inert 
, ds, azoxy compounds, aldimines, epoxides toward the Grignard reagent; viz, the more 
6, is les, carboxylic acids, aldehydes, ketones, highly halogenated methanes. Since the expert- 
rs, acid chlorides and anhydrides [2, 3, 4]. The ments were in the nature of a survey, no attempt 
gent has also been used to determine active was made to obtain maximum vields of any of the 
rogen [5] It does not attack olefinic double products , . 
nds; and consequently has been used to demon- 
the structures of the stereoisomers of II. Experimental Method 
dichloropropene 6 It is also reported to 
- anthracene and phenanthrene [7]. A diagram of the apparatus used in the prepara- 
In general, reactions that proceed smoothly with tions is given in figure 1. A 250-ml distilling flask 
; m aluminum hydride are also those that D)) was connected to a condenser (/°) by a stand- 
carried out readily with Grignard reagents. ard tapered joint. The condenser was provided 
\n example is the reduction of alkyl halides with connections to a vacuum system, an open-end 
v studied by Johnson, Blizzard, and Car- manometer (Ff), a trap (@), and a Toepler pump 
These experiments were limited to H1). The latter was used to pump reaction 
alides with the exception of 1,2-dibromo- products into sample bulbs attached to the stand- 
which in addition to n-octane, gave 14- ard tapered joint (J The halides were intro- 


duced into the reaction flask at C either by distilla- 
tion from a break-seal tube (1) or drop-wise from 


i dropping funnel (B Standard precautionary 
techniques used in Grignard reactions were applied 
throughout. The following description of the re- 
duction of methylene bromide serves to illustrate 
13 millimoles 


the method. Approximately 0.5 g 
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VACUUM 


VACUUM 














Fiat lpparatus fe the ed tion of halomethanes. 


of powdered (under dry nitrogen) lithium alumi- 


num hydride and 50 ml of anhydrous dibutyl ether 


A break . 


1.7 g (10 millimoles) of 


were introduced into the reaction flask 
seal tube’ containing 
methylene bromide in vacuum was attached to 
the flask 
tiously evacuated to degas the mixture The 


The flask was cooled to 0° C and cau- 


flask, condenser, and manometer were isolated 
from the rest of the system and the flask slowly 
warmed to 60° C and held at that temperature for 
about 3 hrs. Under these conditions gentle reflux- 
ing occurred sufficient to stir the mixture. The 
solution plus some insoluble material was cooled 
with liquid nitrogen, the flask was thoroughly 
evacuated and isolated from the pumps. The 
break-seal tube was opened and the halide con- 


The flask 


was allowed to warm slowly until a moderate re- 


densed onto the frozen ether solution. 


action occurred at about the melting point of the 
halide 


maintain moderate reaction if necessary. 


The flask was intermittently cooled to 
When 
no further rise in pressure was indicated on the 
manometer, the flask was surrounded with an ice 
bath at 0° C 


tained, the pressure of the evolved vases Was 


After thermal equilibrium was at- 


measured as the difference between the initial and 


A sample of the 


final readings of the manometer 


product for mass spectrometric analysis was with- 


drawn by the Toepler pump through th 
trap at OFC 

The haloforms and carbon tetrachlorid 
reduced in a similar manner, except that p 
of these compounds were mixed with eth 
added drop-wise to the gently refluxing h 
solution at 60° C 

Dibutyl ether and the halides were labor 
grade chemicals and were used without purifi 
except for drying. The ether was reflux 
several hours over molten sodium and distill 
The liquid halides stood for several days ov: 
cium sulfate with occasional shaking. Requir 
samples were removed by pipet through a por 
plug. The methyl bromide was not dried 

Mass spectrometric analyses were made \ 
Consolidated model 21-102 mass spectron 


using conventional procedures [8]. 


III. Results 


The expel imental 
table 1 


column 


results are summarize: 
The halomethanes are listed in the firs 
Column two gives the nominal temp 
ture at which reduction occurred. Column thr 
gives the ratio of the number of moles of hydri 
to the number of moles of halide used in th 
action. Column four gives the ratio of the m 
percentage of methane to the mole percentage 
hvdrogen in the evolved geses. Column five g 
the percentage vield of methane computed fron 


the halide 


TABLE 1 Summary of expe mental res 


of several halomethanes b thium aluminum 


Except for hydrogen and unreacted = h 
mass spectrometric analysis showed that « 
tially methane was obtamed from each h 
The amount of hydrogen produced during 


reduction of methyl bromide was less than 
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he total gas evolved As shown in table 
ver, a striking increase in the amount of 
hvdrogen was observed in the reduction 
eavier halides some hydrogen was due 

remaining after the halides were dried 
cium sulfate; however, this must be small. 
ppears that the over-all vields of methane 
as the amount of hydrogen increases 
de of formation of the hydrogen will be 
ed further in connection with a study with 
aluminum deuteride 


hvdroearbons other than methane with 


ible vapor pressures at 0 (’ were observed 
if the products { small amount of pitro- 
ined in the reaction mixture was some- 


volved with the methane. Since, in the 
spectrum, the most sensitive peak (m/e=28 
h ethylene and ethane coincides with the 
ile ion of nitrogen, the low limit of detection 
hydrocarbons was somewhat higher than 
deal conditions It is estimated, however 
ss than 0.1 percent of either compound was 
d in any case Other hydrocarbons were 


ted as less than 0.03 percent 


V. Discussion 


prior observations that lithium aluminum 


de can be used to replace the halide of 


alkyl halides with hydrogen has been ex- 
ed in this paper to show that treatment of 


nethanes containing two to four halogen 


us likewise gives methane but in smaller vields. 


vields were obtained with di- and tribro- 


than with the 
With the mono- 


reactions proceeded 


thane and diiodomethane 
sponding chloromethanes 
| halogenated methanes 
thy at about the melting point of the halide 
om temperature the reaction with the halo- 
was slow, and in the case of carbon tetra- 


Accord- 


v, these reactions were accomplished at higher 


de, little methane was obtained 


ratures 


Reduction of Halomethanes 


It is of considerable interest that no hydro- 
carbons other than methane were detected in any 
of the reactions. This would indicate that the 
reduction is a step-wise process, since the simul- 
taneous stripping off of several halogen atoms 
would greatly increase the probability of coupling 
to form unsaturated and saturated molecules 
It seems equally certain that the reaction does not 
proceed by a free radical mechanism 

The ability of lithium aluminum hydride to 
reduce polvhalogenated hydrocarbons as demon- 
strated above, togethet with its prey iously reported 
effectiveness in reducing monoalkyl halides with 
out attacking olefinic double bonds, indicate that 
the hydride offers an attractive method for the 
preparation of a wide variety of deuterium-sub- 
] 


stituted compounds, both saturated and unsatu- 


rated. Some preliminary work in this laboratory 
using lithium aluminum deuteride shows that the 
reduced to give the 


halomethanes are similarly 


expected deuterated molecules However, reac 
tions are somewhat slower and require the utmost 
in care for high isotopic purity. Further work is 


Ih progress and will be described In a later repos 
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Crystallization and Second-Order Transitions 
in Silicone Rubbers 
By C. E. Weir, W. H. Leser, and L. A. Wood 


nt ourse Of an investigation 
at tow temperat 


of silicone rubb been made 


to determine which rubbers might be 


sultable for us 


interferometric measurements of the length-temperature relationships 


(rvstallization was found between 60° and 67° ( 


Dow-Corning astic X-6160 and in General Electric 9979G silicone rubber, the latter 


of which conte s no filler 


250. Melting oecurred over a range of temperature above 
The vo ange on crystallization varied from 2.0 to 7.8 percent 
or melting phenomena were observed in Silastic \-6073 between 180° and 


All types of : me rubber exhibited a second-orde r transition at about iZo ©, th 


temperature at which such a transition has 


inear thermal expansion of silicone rubbers 


10« 10-5 dee C between 35° and 0° ¢ 


I. Introduction 


ol the properties ol the silicone rubbers 
oxanes), developed especially for use at 
temperatures, have been found to show less 


with temperature than those of other 


1, 6]- 


nterest in the 


Recently there has been par- 
properties of all tvpes ol 
rs at low temperatures. Consequently the 
vior of the silicone rubbers at low tempera- 
s has taken on additional importance 

related to the 


ny of rubbers at low temperatures are the 


The fundamental 


phenomena 
nd-order transition [4] and erystallization [8] 
th of these phenomena influence the relation- 
between the dimensions of a specimen and 
mperature. In the present 
different 


isured with an interferometer 


Investigation 


inge of length at 


temperatures 


II. Materials Investigated 


samples of sil one rubber were of commer- 


rin. Two of them contained no fillers or 


7 eh 
‘ransitions of Silicone Rubbers 


Crvstallization bet ween 75° and 85° C was found in Silastic 


the temperature of ervstallizatior 
No ervystallizatior 
100” ¢ 


lowest 


been observed in a polymer The coefficient of 


containing 1 filler was found to be about 


vulcanizing agents and were highly elastic brown 
They 


relatively well and had refractive indices of 1.4028 


solids of low strength transmitted light 


and 1.4040, respectively. The densities measured 
by the method of hydrostatic weighing were found 
to be 0.973 and 0.974 g/em® at 25° C, respectively 
These densities appear to be slightly higher than 
densities of liquid silicones previously reported 
[2.5]. These samples were produced by the Gen- 
eral Electric Co. and were supplied through the 
kind cooperation of the Connecticut Hard Rubber 
Co. They 


silicone rubber and in this paper are referred to as 


are designated General Electric 9979G 


gum silicones for convenience 

The other samples of silicone rubber coptained 
filler and were vuleanized. These were obtained 
through the cooperation of the Dow-( ‘orning Co 
and were designated Silastic X—6073 and Silastic 


X-—-6160 


for use at low temperatures 


These types were especially designed 
Silastic N-—6160 is 
described as differing only slightly from Silastic 
160, which has been reported 6] to contain 60 
percent of filler consisting of equal weights of zine 
oxide and titanium dioxide No data are available 
on the other varieties of Silastic 

A vulcanizate of Silastic 250, a new variety of 
silicone rubber, was also furnished by the Dow- 


Corning Co 
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III. Experimental Method the desired width were clearly visible y 
The interferometer arrangement described by eveptlece of the telescope was replaced 
Wood. Bekkedahl. and Peters 10] Was used. with Measurements below temperatures a 


minor modifications, to determine the thickness of rubbers crystallized presented two ma 


rubber specimens as a function of temperature culties: maintaining visible fringes du 


The apparatus was modified by surrounding the dimensional changes occurring on freez 


lower removable portion of the interferometer maintaining a uniform rate of cooling 


container with close-wound, close-fitting helix of temperatures 


in. copper tubing. The lower end of the helix Attempts were made to obtain fring 


was terminated in a wve, one leg of which was crystalline material by cooling the speci 


terminated in a fine orifices The other leg of the immersion in liquid nitrogen and then mar 


ing the frozen specimens with suitable pro 


wve passed through the wall of the container and 
Drv to produce fringes. These attempts wer 


was terminated in a somewhat larger orifice 


carbon-dioxide-free air was used to eliminate clog- cessful principally because of frosting 
ying of lines by freezing of vapors. This air exposed surfaces, and therefore measu 


flowed into the upper end of the helix at a pressure were made below 100° C only in a few for 


of 1 em of mercury, circulated through the coil, experiments in which fringes were mai 


and was discharged into both the surrounding during crystallization 


Dewar and the interferometer chamber. Internal Measurements of expansion were found 


and external stirring and a markedly lower tem- difficult to obtain on cooling at very low 


perature gradient resulted from the use of this air atures, since the height of the liquid nitro 


stream After the air had passed through the the surrounding Dewar was necessarily on 
interferometer chamber it was discharged across intermittent contact occurred between thi 
the top glass plate of the container, thereby and the exterior of the interferometer cont 


effectively eliminating condensation of moisture Such contact produced rapid and nonunif 


on this plate. Liquid nitrogen, used as a coolant, cooling. A rate of cooling or heating of al 
produced temperatures as low as —196° C. The deg C per minute was considered desirab! 
cooling was effected in a manner similar to that these experiments [10]. Most measurements 
described previously [10] low temperatures were made on heating 
The light source consisted of a helium discharge were carried out by cooling the interferomete: 
tube. Essentially monochromatic light of wave- 196° C, insulating the “yam, and pert 
length 5.876 A was obtained by use of appropriate it to warm by absorption ol heat fron 
filters surroundings. 
The top interferometer plate, a semicircular . . 
a sig aren paer IV. Results and Discussion 


disk of fused quartz 2 cm in diameter and 2 mm 


thick, which was supported by the test specimens, Graphical results shown in the = sueccee 
weighed 0.82 g figures are typical but do not include meas 
No correction for change in refractive index of ments on all specimens of silicone rubb 
air with temperature was applied to the data vestigated. In most instances only those port 
obtained of the curves are shown that are consider 
Slabs of silicone rubber were accurately eut tinent to the discussion 
with parallel faces by means of a sharp blade and Crystallization on cooling to low temper 
a small miter box. One to three specimens, manifested as a radical decrease in sp 
generally 4-mm cubes, cut from a slab were length on cooling over a narrow temp: 
placed between the two interferometer plates interval, was observed in. all samples 
with the parallel faces of the specimens in contact Silastic X-6073. Melting, observed as the 
with the plates. After removing the eyepiece process on heating, was found above the « 
of the telescope, the elastic specimens were moved lization temperature in all samples except X 
about between the interferometer plates until the Expansion curves on cooling and heating 
images of the slit reflected from the upper and silicone are shown in figure 1. Crystalliza 


lower plates appeared to coincide Fringes of believed to occur between 60 and t 
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crystallization was 
n the gum silicones and Silastic X-6160 


Results obtained with Silasties N—6073 


inperature range ol 


different and will be 
The 


. by higure l uppears to be a rapid process 


are some what 


1 in detail later crystallization 


rast to the crystallization of natural rubber 
by Bekkedahl and Wood [8, 9]. Attempts 
the temperature at which crystallization 
or to produce supercooled material by 
chilling the interferometer in a_ liquid 
bath were not successful, as specimens 
ly crystallized near 60° © The values 


irdness of several varieties of Silastic at 


tures as low as 62° © are reported by 
Servais 6] All of the 


show a rapid rise at the lowest temperature 


Selfndge, and 


|. They found that the equilibrium 


s values at temperatures below 55° ( 


Both of 


indicative of the crystal- 


attained until after 3's hrs 
servations are 
reported in the present paper 
mset of melting with increasing tempera- 
ot sharp. It is believed that melting be- 
w degrees above the crystallization temp- 
and is complete at about —39° C. 
agnitude of the volume change associated 
stallization of gum silicones appears to be 
and as calculated from linear changes 
rom 2.0 to 7.8 percent The maximum 


‘ransitions of Silicone Rubbers 


volume change on crystallization of natural rubber 
has been found to be slightly over 3 percent [8] 

If specimens of gum silicone are alternately 
cooled and heated evelically at temperatures some- 
what above —60° C, no evidence of crystallization 
or melting is observed. Experiments of this na- 
ture, carried out between 30° and 50° C gave 
the results shown in figure 2. If crystallization 
occurred at a measurable rate in this temperature 
interval, the length of the specimen would gradu- 
ally decrease as a function of time Consequently, 
the expansion curves On SUCCESSIVE heating or cool 
ing would be displaced in the direction correspond- 
The behavior 


of the gum silicones is in contrast to that of natura! 


ing to a smaller length of specimen 


rubber, which undergoes slow crystallization at 
temperatures higher than the optimum crystalliza- 
tion temperature [8, 9] 








The results of expansion measurements of the 
gum silicones at temperatures far below the erystal- 
lization temperature are shown in figure 3. The 
second-order transition temperature is located as 
the point of change of slope and is fairly well de- 
fined in all curves. The temperatures of the transi- 
tions, defined as the intersections of the extra- 
polated linear segments, are in good agreement on 
Curvature near the transition 


repeated runs. 


temperature produces obvious difficulties in draw- 
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ing the linear segments. Differences as large as 
5° C in transition temperatures as indicated by 
intersections of projected linear segments have 
been observed between the curves obtained by 
heating and cooling at the rate of 1° C per minute 
From consideration of these factors it appears that 
the second-order transition of silicone rubbers may 
123° C with a maximum estimated 
§° Cc 
represents the 
vet reported for any 


be set at 
uncertainty of As far as can be ascer- 


tained, this lowest second-order 


transition temperature 


polymer 








% 


TEMPERATURE 
FIGURI Second-order transitions of GE 9979G gum 


silicone 


The transition temperature of —123° C appears 
to be unaffected by the addition of filler or by 
vulcanization. This behavior differs from that of 
natural rubber [4] in which filler and vulcanization 
change the transition temperature 

Silastic 250 differed from the other silicones in 
its temperature of crystallization, which was ap- 
preciably lower, and in the fact that it could be 
supercooled, with only partial crystallization 
The results of expansion measurements obtained 


on this variety of silicone rubber are shown in 


ficure 4. 

Observations on heating and cooling shown in 
figure 4 were obtained separately. It is noted 
that while a normal second-order transition tem- 
perature of —121° C is obtained, crystallization on 


cooling and completion of melting on heating 


occur at lower temperatures than previously de- 
cooling occurs at 


scribed. Crystallization on 


approximately —75° C and completion of melting 


on heating at approximately 15° ¢ 
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TEMPERATURE ,*° 


Figure 4 Expansion curves of Silastic 


rage thickme " wecimens 


There is evidently a range of temperatu 
favorable for crystallization extending from 
to about —100° C, since crystallization of sup 
cooled material was observed at the latter 


This 


havior is very similar to that of natural rubl 


perature on inereasing temperature 


[8, 9], which can be erystallized over a rang 


temperatures and which can be supercooled 
Silastic X—6073 differed from the other silic 
rubbers in that it showed no evidence what 


of crystallization or melting between — 180 
0° C. A portion of the results of expansion m: 
urements obtained with this variety together 
those for Silastic X-6160, which are included | 
comparison are given in figure 5 
X--6073 shows no evidence of crystallizat 

melting at any temperature shown. <Additior 
observations on heating this specimen we 
tended to + 100° C 
evidence of crystallization or 


(not shown in fig. 5) w 
melting 01 
transition evidenced by change of slope 
marked linearity shown when crystallizatior 
sent is contrasted with the curvature exist 
measurements of expansion on X—6160 belo 
crystallization range. This result may u 
that the amount of crystalline material is \ 
with consequent curvature of the graphs 
considerable range of temperature 

The change in rate of expansion at the s 
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nsition is greater for X-6073 than for It is to be emphasized that there is some doubt 

and the transition occurs at a slightly concerning the reliability of the results, since no 

mperature special precautions were taken to avoid possible 
tilting of the specimens as discussed by Saunders 
[7], and because the slopes of expansion cufves 
were obtained graphically from single runs in 
most instances The coefficients of expansion are 
given in table 1. 

It will be noted that the gum silicones have very 
high coefficients of expansion The coefficient of 
cubical expansion of such isotropic material would 
be about 120*« 1075 per dee C between —35° and 
e ¢:. which is as large as that of many organic 
liquids 

The coefficients of expansion of the other silicone 





rubbers are lower, as expected from the fact that 
they all contain fillers that reduce the coefficients 
The coefficients of these rubbers observed below 
the second-order transition temperature are ap- 
proximately 15 to 35 percent of the corresponding 


values above the transition 


V. Summary 





This Investigation has revealed a second-ordet 

transition in all silicone rubbers examined at a 

temperature of approximately 123° C. As far 

as can be ascertained this is the lowest temperature 

at which a second-order transition has been ob- 

served in a polymer. In one variety of silicone 

rubber (X—6073) no crystallization or melting was 

observed between 180° and 100° C; in the 

data obtained have been used to calculate other varieties, crystallization and melting phe- 


ents of linear expansion of silicone rubbers nomena were observed at low temperatures 


na erpansion of 


‘ransitions of Silicone Rubbers 
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Refractive Index as a Function of Wavelength 


for Sixty API-NBS Hydrocarbons 


By Alphonse F. Forziati 
Measurements of the refractive index at 20°, 25°, and 30° C and at seven wavelengths 
from 6678.1 to 4358.3 Angstrom units, were made on 60 purified hydrocarbons of the API 


NBS serie The apparatus consisted of a precision Abbe-type refractometer, calibrated 


by means of NBS Standard Samples of hydrocarbons certified with respect to refractive 


ree temperatures and seven wavelengt! 


sodium vapor lamp, and hydroget 
temperature bath ntained 
0.02> ( 


the hvdrocarbons were 


90°. 25°. and 30 
s of the Hartman: 
60 API 


| exanes 


I. Introduction II. Apparatus and Procedure 


nvestigation is” part of the systemat \ 


precision Abbe-typ Bausch and Lomb re 
on the physical properties of highly fractometer was used to measure the 


refractive 
hydrocarbons being prepared in the co- index In order to maintain the temperature of 
program ol the American Petroleum the refracting prism constant within the required 
and the National Bureau of Standards 


limit of 0.02° C. it was found necessary to re- 


sion measurements of the refractive index 
ide on 60 hydrocarbons of the API-NBS 
20°. 2a and 30° C and at the seven 


ngths, helium 6678.1 and 5015.7 A, hy- 


move the thermometer furnished with the instru- 
ment and to adapt a small evlinder to the water 
exit-tube. The top of this evlinder was threaded 


to accommodate a short platinum resistance ther- 
6562.8 and 4861.3 A, sodium (intensity- 


mean) 5892.6 A. and mercury 5460.7 
8.3 A. 


paper gives the results of the adjustment 


mometer (25 ohms) made specially for this pur- 
pose This cylinder permitted the water at 
constant temperature to flow freely through the 
exit-tube and provided for complete immersion of 
lata by means of the Hartmann and the the thermometer in the water 
Cauchy equations, together with the \ 
d specific dispersions, for 17 paraffin, 14 
lopentane, 8 alkyleyelohexane, and 21 


constant-temperature bath was assembled 
and connected to the refractometer, as shown in 
figure 1. The temperature of the water as it 


zene hydrocarbons left the prism cell was measured by means of the 
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platinum resistance thermometer and a Mueller- 
type resistance bridge. The maximum drift ob- 
served over a period of 6 hr was +0.02 deg C 


whereas the temperature of the water in the bath 





itself varied only 0.005 deg C To obtain 
satisfactory control of temperature, it is very im- 
portant that the connections from the constant- 
temperature bath to the refractometer be well 


insulated and ais short ais possible Furthermore, 





the temperature of the water leaving the prism 
assembly should be measured before and afte 


each group of measurements on each hydrocarbon 














and a suitable correction applied if necessary 


A diagram of the controls for the constant- 
temperature bath is shown in figure 2, with details 


riven m the legend 


\ ‘ 
* \ 
& 
LN 
b 





The sources of light used were as follows 
For the mereury lines, a mercury are (G 
Electric type H4) was used. For isolatu 
line at 4358.3 A, a combination of Cornin 
No. 5850 (melt 647, thickness of 3.98 mn 


Corning filter No. 3389 (melt 622. thick: 





3.05 mm) was used. For the line at 5460.4 
Wratten filter No. 62 was used 

For the hydrogen lines, a low-pressure dis 
tube of the Texas Co. de sign (1] filled with | 
ven was used A Wratten filter No. 45 wa 
for the line at 4861.3 A. A Corning filt 
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kness of 3.35 mm) was used for the line 
{ in order to Improve the contrast of 
ind dark portions of the field 

helium lines, a low-pressure discharge 
e same type as for hydrogen, but filled 


\ Wratten filter No. 45 


For the line 


im, Was used 
for the line at 5015.7 A 
{. the same filter was used as for the 
line at 6562.8 A 
sodium line, intensity-weighted mean at 
the standard sodium vapor lamp sup- 
h the refractometer was used 
ercury are and sodium vapor lamp were 
| with shields bearing a vertical slit, 1x25 
begmning of each series of measurements, 


ctometer was calibrated by means of the 


Ill. Source and Purity of Compounds 


ompounds whose refractive indices were 
lin the present investigation were samples 
LPI-NBS series of highly purified hvdro- 
which are being prepared through a coop- 
indertaking of the American Petroleum 
and the National Bureau of Standards 
ription of the compounds is given in a 


report [2]. The purification and deter- 


of purity and freezing points of these 


ds are deseribed in references [3, 4, 5, 6, 7] 


ved that in each case the impurity was 
ature and present in such small amount 
properties measured were not affected 


he indicated limits of uncertainty 
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NBS Standard Samples of 2,2,4-trimethylpentane, 
methyleyclohexane, and toluene, each of which is 
certified with respect’ to refractive index at 20 

25°, and 30° ¢ 


‘- at each of the seven wavelengths 


given above. During the series of measure- 
ments, the refractometer was periodically checked 
with the standard used on that day. The com- 
plete calibration was repeated after a prolonged 
series and the change, if any, was prorated ove! 
the time interval A table of corrections for each 
wavelength at 20°, 25°, and 30° C was prepared 
for each one of the three standards. These cor- 
rections were then applied to the observations in 
accordance with the standard liquid used. The 
calibrating values of the three standards used, as 
obtained by the NBS Optical Instruments Section, 


are given in table 1 


IV. Adjustment of the Data 
1. Method of Adjustment 


The Hartmann dispersion formula, in its simple 


form, 
r* 


where n, is the refractive index of the = sub- 
stance for light of wavelength A, and n., ©, and 
A* are constants, is not sufficiently accurate for 
the representation of refractive indices to five 
decimal places. It is well known that some 
ponent other than unity is desirable for (\ 
accurate work over an extended range in w: 


] 


lengths. “Tilton and Gurewitz [8] found that the 


refractive indices of three standard hydrocarbons 
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could be accurately represented to within a few 
units of the sixth decimal when 1.6 was used as 
the exponent 

The data obtained in the present investigation 
have been adjusted by means of the Hartmann 


equation as used by Tilton and Gurewitz 
+ 


The results show that the equation is entirely ad 


quate to represent the refractive indices of a wide 


variety of liquid hvdrocarbons over the range ol 


wavelength from 0.66781 to 0.43583 u (or 6678 to 
1358 A 

The constants in eq 2 were adjusted by means 
of a modification © of an interpolation precedure 
recommended by Tilton and Crurewitz [S| The 


following abbreviations are used 


To facilitate the calculations, values of 8 and > 
were calculated over certain ranges Table 2 
vives the values of 8 for each of the seven wave 
lengths, for values of A* from 0.0700 to 0.1500 u 


Table 3 gives values of y for values of \* from 0.07 


Journal of Research 





Retrac 


ve Index for 


seven wave- 


Con 


60 API-NBS Hydrocarbons 


TABLE 2 Values of 8 6. for each of sever ware- 


le ngtl s. X. for the * 700 to O.1500 Con 


as determined from the relation 


Using table 3, the corresponding value of A* was 
interpolated. Further interpolation in table 2 
vielded values for 8 for each of the seven wave- 
lengths used The constant C was then readily 


computed from the equation 


re} s re} 


The Hartmann equation was written as 
CB, 
The remaining unknown constant, 7 Was easily 
computed by inserting the observed values of the 


refractive index at \A—0.65628. 0.54607. and 


0.435834, the numerical value of C, and appro 


priate values of By. successively into the above 
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If no 


computed values of 


equation and solving three times for n. 
the thre 
0.00001 
the 
0.50157 
ot? 


was found 


errors were made 


. agreed within The same equation 
index ut 


0.486134, by 


was used to compuls refractive 


1\= 0.66781. 0.58926 and 
and the values 


that 


inserting the ave rage value 


ol ¢ this pro- 


and g sSimece it 


Instead ol applying the above procedure se pa- 
, and 30° C 
measurements on each 
the 


index in going from 20° to 


rately to the data obtained at 20°, 25 
the 21 
better 


it was decided that 
hydros arbon would be correlated if 
change in refractive 
Aa ie 


by means of the method of least squares and the 


and from 25° to 30° C were first adjusted 


Cauchy formula 


using An, instead of 7 
The 


le ngth 


each 
to the 30° C 


computed values of An, for wave- 
refractive 
the 20° C 


These were ay eraged 


were then added 


ndices and subtracted from indices 


to give two values at 25° C 


with the experimentally determined indices of 


refraction at 25 (’, and the average fitted to the 


Hartmann equation by the interpolation method 


described above. By adding and subtracting the 


computed values of An from the refractive indices 
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cedure reproduces good data to about 


units in the refractive index, it is obvi 


attempts to better these constants of tl 


mann equation by least squares or a 


method of adjustment would be of no 
value in this work where only fifth decir 


is to be considered 


calculated by means of the constants of the 
mann equation, the values of refractive in 
20) and 30 > This 


“smoothed” the values fo 


were obtained 


automatically 4 
10° C. In the case of the paraffins and 
paraffins, the An 
25° C were so nearly equal to those for the 


to 30° CC. that values of A 


values of 


average 
used 


2. Results of the Adjustment 


Table 4 gives the values of the constants 
modified Cauchy equation for each of the 6 
The last column of the table giv 
10°, of the dev 
calculated refi 


pounds 
root-mean-square value, p> 
of the the 
indices. 

Table 
Hartmann equation for each of the 60 comp: 
As before, the last column of the table giv 
the dev 


obser \ ed from 


5 gives the values of the constants 


root-mean-square value, p< 10°, of 
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H 


proces 





served from the calculated refractive Table 7 gives values of the specific dispersion, 
10° n,) d and 10'(n n,,) d. for each of the 


} ri r D 


gives the calculated values of refractive 60 compounds, from the values of refractive index 


20°. 25°, and 30° C, at each of seven given in this report and the values of density 


for each of the 60 ce mpounds given in an earlier report [2] 


60 API-NBS hydro 
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TABLE 7 alculated values of the specifi dispersion for 60 API—-NBS hydrocarbons—Continued 


V. Discussion It is planned to do this for the series of normal 
: alkylbenzenes, normal monoolefins (l-alkenes), 
re 3 gives, Io! the several normal alkyl- 2 


, . normal paraffins, normal alkyleyclopentanes, and 
zones measured, plots of the values of the sills 

normal alkyleyclohexanes. 
nstants n= and C’ in relation to the number of ofits 


m atoms in the normal alkyl radical. It 


ears that these relations are such that, when Grateful acknowledgement is made to Frederick 


sufficiently higher member of the series, such D. Rossini for his many suggestions in the course 
-‘deeylbenzene, is evaluated, it will be possible of the investigation and in the preparation of this 
ip the complete equation for the inter- report 
ate members of the series as well as for some VE. References 
bers higher than n-decylbenzene, with a ; 
wledge only of the refractive index at one fi] G. B. Arnold and L. Donn, Anal. Chem. 19, 666 (1947). 
elength, as np. 2] A. F. Forziati and F. D. Rossini, J. Research NBS 43, 
173 (1949) RP 2038 
A. R. Glasgow, Jr., E. T. Murphy, C. B. Willingham, 
and F. D. Rossini, J. Research NBS 37, 141 (1946 
RP1734 
A. J. Streiff, E. T. Murphy, V. A. Sedlak, C. B. Will- 
ingham, and F. D. Rossini, J. Research NBS 37, 
331 (1946) RP1752. 
A. J. Streiff, E. T. Murphy, J. C. Cahill, H. F. Flana- 
gan, V. A. Sedlak, C. B. Willingham, and F. D. 
tossini, J. Research NBS 38, 53 (1947) RP1760 
A. J. Streiff, E. T. Murphy, J. C. Zimmerman, L. F. 
Soule, V. A. Sedlak, C. B. Willingham, and F. D 
Rossini, J. Research NBS 39, 321 (1947) RP1833 
A. J. Streiff, J. C. Zimmerman, L. F. Soule, M. T. Butt, 
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J. Research NBS 41, 323 (1948) RP1929 
ARBON ATOMS IN THE N AL ALKY A | L. W. Tilton and H. L. Gurewitz, NBS, private 
ves of the constants ,nw and C, of the Hartman communication. 
s a function of the number of carbon atoms in 


kyl radical of five alkylbenzenes WASHINGTON, November 4, 1949. 
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Heats of Combustion and Formation of Cellulose and 


Nitrocellulose (Cellulose Nitrate) 
By Ralph S. Jessup and Edward J. Prosen 


This paper gives the results of bomb calorimetric measurements of heats of combustion 


at 30° C of one sample of cellulose and four samples of nitrocellulose from cotton linters, 


and of one sample of cellulose and four samples of nitrocellulose from wood pulp. The 


results have been combined with values for the heats of formation of carbon dioxide and 


water to obtain values of heats of formation of the celluloses and nitrocelluloses 


Empirical 


equations are given expressing heat of combustion and heat of formation of the nitrocelluloses 


as functions of nitrogen content 


I. Introduction 


The work described in this paper was done at 
National Defense Research 


ttee, and the results were originally re- 


equest of the 


ted in their Armor and Ordnance Report No 
OSRD No. 3932 
data presented in this paper differ from 
given in the above report in the following 
ts: (1) the results are now expressed in 

s of the absolute joule instead of the inter- 

mal joule as the fundamental energy unit; 
results have been ‘reduced to the basis 
vases involved in the reactions discussed 


the thermodynamic state of unit fugacity 


Cottor 
do 

Wood pulp 
do 

Cotton In 
do 

Wood pulp 
do 


inters 


alvses for nitrogen were made by the 


Powder Co. The samples of cellulose 


rocellulose were regular plant samples. 


of the urgent need for the data, and as the 


Heats of Combustion of Nitrocellulose 


instead of the state of the real gases at atmospheric 
pressure 


II. Materials 


The materials whose heats of combustion have 


beep determined were made available to the 
National Bureau of Standards through arrange- 
ments made by the National Defense Research 
Committee with the Office of the Chief of Ord- 
nance, War Department 

The lots of cellulose from cotton linters and 
were obtained from the Hercules 


Radford Ordnance Works, Radford, 
Va. For the nitrocellulose, the manufacturer, 


pulp 


wood 


Powder Co . 


material nitrated, and the nitrogen contents were 


as follow Ss 


13. 42 
12. 62 Powder Ce Radford Ord- 


Radford Va 


Hercules 
13. 36 nance Works 


12. 53 
12. 14 
11. 49 
12. 12 


11. 74 


heats of combustion of the actual plant samples 
were desired, no atte mpt was made to purify the 


samples further 





III. Preparation and Weighing of Samples 0.380 liter. Two types of experiments wei 


a In one of these a measured quantity of 
he following procedure of preparation and was supplied to the calorimetric sy tem 
weighing of the samples was followed. A batch resulting rise in temperature w 1s ob 
; : s g rise re » was obser 
of cellulose or nitrocellulose sufficiently large to the other type of experiment a weighed s; 
serve for all the experiments on that sample was celluloses. or witrecelinless. wa ie 
se, , se, as Then 
placed in a desiceator, which was evacuated until bomb, the resulting rise in temperatur 
, S g rise ‘mperature 
the material seemed dry and fluffy hen por- erved, and the mass of carbon dioxide for: 
‘ : se “dd, f , ass t » 10 
es ) LPgeg. arce § » 5 _ . > : 
— about > porcres larger than the amount determined. lhe first type of experime! 
needed for an experiment, about 2 g, were roughly the energy equivalent fective heat 
. » energ! , ale (ellec » hee Ci 
weighed out and placed in separate beakers. of the calorimetric system, and when the 
These portions were then wetted with distilled : ; , 
: equivalent is known, the temperature ris 
water and were compressed into tight pellets in a second type of experiment is a measur 
pellet press lhe pellets then contained approx- heat produced by combustion [4, 5]. For 
imately 20 to 30 percent of water These pellets ; — ? he ss an of . dr ' ¥ te = 
: experiment the mass of the dry sample of mat: 
were placed in separate weighing bottles having heist te aeons alt agian diame ad 
ground-glass necks and evacuated in a desiccator : 
. pti combustion in the bomb, and the mass of ea 
- 3 8 hr ; ‘s were the 
for about o hr. “Th ott were then dioxide formed in subsequent oxidation of gase 
placed in an oven, kept at 100° C for 1 hr, cooled woducts of incomplete combustion we ; 
I L were «de 
in a desiccator, stoppered with their ground-glass ah ; 
hed mined The mass of carbon dioxide forme: 
ieee 08 . oe against a sare (on empty oxidation of the products of combustia 
weighing ‘ same size re : 
eighing bottle of the sami potas They wer usually 0.01 or 0.02 percent of the mass forn 
again placed in the oven at 100° C for intervals of aes 
in combustion in the bomb. Correction 


hr until constant weight (within about 0.1 mg 
complete combustion was made on the assumpt 


was obtained. This was usually reached within 


: that the only product of the incomplete combust 
about 2 hr in the oven at 100° (¢ About 10 


was carbon monoxide. The details of the meth 


percent of water, an amount that was found to used have been described elsewhere [3, 6) 
produce the best conditions for burning the samples 
in the bomb, was added to the pellets, and the An neuerraniaars with the correction for the h 
pellets were transferred from the weighing bottles ol formation of nitrie acid in the bomb, the ques 
to the platinum crucible in which they were to be Gon arose a8 t0 whether ROERS HIFOUS GCE Mig 
burned. The weighing bottles, together with any also be formed, especially v hen the nitrocellulos 
particles of sample left in them, were put in the wore burned in the bomb. fo answer this ques 
oven at 100° C for 1 hr and reweighed against the tion, tests for nitrous acid were made by W. > 
tare. From these weighings the weight of dry Clabaugh? on the washings from the bomb af 
sample was obtained : each of four combustions, two of benzo 
All weights were corrected to the vacuum basis and two of nitrocellulose. The air initially 
using the factor 1.00080, obtained by assuming a the bomb was flushed out with oxygen | 
value of 1.25 g/ml for the density of dry cellulose burning the two samples of nitrocellulos: 
and nitrocellulose ; before burning one of the samples of benzoi 
but was not flushed out in the case of the se 
IV. Apparatus and Method for Measure- sample of benzoic acid. The amount of 


ments of Heats of Combustion acid formed in the second combustion of bi 


acid was, therefore, several times that for 


Measurements of heats of combustion were made the first. The amount of nitrous acid fow 


by burning weighed samples of the material in not exceed 0.5 percent of the total acid | 


these experiments. The errot 


oxygen in a constant-volume bomb that was part in any of 
duced into the results of heat of comb 


of a calorimetric system described elsewhere 


{1, 2, 3]. The bomb was made of a corrosion- measurements by assuming all the acid 


resistant alloy (illium) and had a capacity of nitric acid is entirely negligible. 


1 Figures in brackets indicate the literature references at the end of this 
paper 
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J. Calibration of Calorimeter 


nergy equivalent of the calorimeter for 
interval 28.5° to 30° C was 
burning NBS Standard Sample 


nzow acid in the bomb, using the value 


perature 
ed by 
-8 absolute joules per gram mass (weight in 


recently obtained in this laboratory 
0}. for the heat of combustion of this 
| under the conditions of the standard 


yrrocess at 25 


Appropriate corrections 
nade to take account of differences between 
tual and standard bomb processes. The 

ts of these calibration experiments are as 

ws: Series I, five experiments, energy equiva- 
862.6+2.1 (standard deviation of mean 
wr deg C; Series II], six experiments, energy 

ent 13833.9 1.2 (sdm joules per deg C. 

values of energy equivalent are for the 
imeter containing the same mass of water 
the experiments on the nitrocelluloses, and 
the bomb containing | g of water and oxygen 
a pressure of 30 atm at 30° C. In the 
isurements on the nitrocelluloses the values 

d for the energy equivalent differed from the 

values viven above by two small correc- 
ns, one for the heat capacity of the charge of 


rocellulose and one for the heat capacity of 


e oxygen in the bomb in excess of that required 
fill it to 30 atm at 30° C 


lhe mean value of the energy equivalent ob- 
in Series I was used in calculating the 

its of measurements on the samples of nitro- 
se made from cotton linters and containing 
12.14 


the measurements on these samples were 


percent and percent of nitrogen 
ed, the insulation of the firing electrode 
bomb failed, and the necessary repairs 
| some change in the heat capacity of the 
recali- 


The calorimeter was therefore 


ith the repaired bomb. The calibration 
ents of the second series were made unde1 
conditions as those of the first, except 
calorimeter contained a smaller amount 
in the second series. The mean value 
vy equivalent obtained in Series I] was 
aleulating the results of all measurements 
f£ combustion, except those on the two 


f nitrocellulose just mentioned. 


Heats of Combustion of Nitrocellulose 


VI. Calorimetric Experiments on Cellulose 
and Nitrocellulose 


1. Measurements of Heat of Wetting 


Since the samples were wet when ignited in the 
bomb, the observed heat produced by combustion 
of each sample was lower than that for the dry 
sample by an amount equal to the heat of wetting 
of the dry sample with the amount of water added 
to it. 
observed 


In order to obtain data for correcting the 
effect, 


measurements were made of the heats of wetting 


heats of combustion for this 
of the various materials. 

The method used was similar to that described 
by Katz [7]. Samples of 2 to 5 g of each cellulose 
and nitrocellulose were placed in weighed glass 
tubes of about 12-mm inside diameter, one end 
of which was drawn down to a fine capillary and 


The samples were then dried in vacuum 
4 


sealed. 
(residual pressure less than 10~* mm of mercury) 
until no water could be detected with the McLeod 
gage after the vacuum pump had been shut off for 
several hours. Dry air was then admitted to the 
vacuum space, and the tubes were removed, corked 
immediately, and weighed 

To determine the heat of complete wetting, a 
tube containing dry material was immersed in the 
water of a calorimeter with the sealed end down 
and the open end projecting 2 or 3 cm above the 
The top of the 


sample of material in the tube was 6 cm or more 


top of the calorimeter jacket 


below the surface of the water in the calorimeter. 
The temperature of the water in the calorimeter 
was slightly lower than that of the jacket, so that 
there was no heat transfer by evaporation of water 
from the calorimeter and condensation on the 
jacket After sufficient time had elapsed for the 
attainment of a steady state, a series of readings 
of calorimeter temperature and corresponding time 
was made The fine capillary at the bottom of 
the glass tube was then broken by pressing it 
against the bottom of the calorimeter vessel, per- 
mitting water to rise in the tube and wet the mate- 
rial contained therein. Readings of time and 
temperature were continued for about 10 min 
after the rate of temperature change had become 
constant. Similar measurements were made on 
samples to which small known amounts of water 


had been added after drying and weighing 





The results of the measurements of heat of 


wetting of the completely dry materials are given 
in table 1, togethe with values caleulated for the 


nitrocelluloses from the empirical equatior 


O—93.20—671f. (0.11 0.135 


c 


where 9 is heat of wetting in joules per gram, and 


f is the mass fraction of nitrogen in the sample 


LAE 


The results of measurements on samples con- 
taining small amounts of water are shown graph- 
ically in figure 1, where the abscissa is the mass of 
water per gram of dry material, and the ordinate 
is the difference between the heats of wetting of 
the dry and wet materials « xpressed as a fraction 
of the heat of wetting @f the dry material. The 
solid curve in figure 1 rapresents data calculated 
from Katz's [7] equation for cellulose. The 
dashed curve is drawn through the points repre- 
sentipg the experimental data obtained in this 


investigation 


2. Results of Measurements of Heats of 
Combustion 


The results of the measurements of heats of 
combustion at 30° C are summarized in table 2 
The observed values of Al’,, the heat of com- 
bustion under the conditions of the bomb process, 
were corrected for heat of wetting, and reduced 
in accordance with the procedure outlined by 
Washburn [8], to the corresponding values of 

Al the decrease in internal energy ac- 


companying the combustion reaction when each 


390 


of the gaseous reactants and products 
thermodynamic standard state of unit 
at 30° C. The correction for heat of 
was made on the basis of the observed 
heat of wetting of the dry material, and 
represented by the dashed curve of figur: 

In column 4 of table 2 are given valu 
ratio of carbon dioxide formed in comb 
the bomb and in oxidation of products of 
plete combustion to that caleulated =f 
masses of dry samples, based on the ass 
that they were pure cellulose or nitro 
represented by the formula C,H, O.(NO 
is the mass fraction of nitrogen in the san 
m the mass of sample burned, then the cal 
mass of carbon dioxide was taken as 

5.23177f)m. The values of atomic weigh 
in this and other calculations connected wit! 
report are O= 16.000, ‘C= 12.010, H 1.OO80 
N 14.008 


3. Further results derivable from experimenta! 


data 


It will be seen from table 2 that the 
values of the ratio (carbon dioxide formed 
dioxide calculated are less than unity by il 
ranging from 0.4 to 0.9 percent, indicating 
the samples probably contained at least the 
responding amounts of impurity. If it is ass 








4 
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the impurity in the samples was inert 


that did not entel Inte the combustion 


anv wav, then the 


values vrivel in 
sed on the mass of carbon dioxide formed 
the heats of combustion of pure ¢ ellulose 
nitrocellulose Under this assumption 
the values of the nitrogen contents must 
ed, due to the fact that the nitrogen con 
nitrocellulose containing inert impurity 
than that reported for the impure sample 
PR be the ratio (carbon dioxide formed : car- 
table Zz). 3 by the 


etion of hitrogen as re ported see table 2 


cle calculated Te 


ram be the amount of impurity per (1—, 


( H () NO then it be shown 


R 


eted value, f’, of the mass fraction 


the nitrocellulose is 


ved values for the heats of combustiot 
ition of cellulose and nitrocellulose, to- 


th the 


ible 3 The propel values for the heats 


corrected pitrogen contents, are 


on of gaseous carbon dioxide and liquid 
(0° C were taken from reference [19] 

found that the data on the heats of com- 
f the nitrocellulose could be represented 
equations expressing the heat of combus- 
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tion at 30° Casa function of the corrected nitrogen 


content The following equations 


which 
derived by the method of least squares, represent 


were 


the heats of combustion per gram of nitrocellulose 


within about O05 percent kor nitrocellulose 


from cotton linters 
AH/ 11640 2 


14069f' cal g (O115< f’ < 0.135 


kor nitroce!lulose trom wood pulp 


All 1186.36+-14200f' cal ¢ (0.115 < f’ < 0.135 


} 


where /’ is the corrected fraction of nitrogen in the 


nitrocellulose 


raRBLe 3 De 





* 
- r- ed 
+ & — 90 egg = 





\/1 
> of the presen 


; 


work 


celh A 
Lu v 


2): @. Mura 
it and Becker 


(18 


If we consider all the nitrocelluloses together, the 


following equation represents the data within 


about 0.05 percent: 


AH $176.70+-14126f’ eal/g (O.115<f 


Similar equations can be derived expressing AH/° 
at 30°C Thus 
the following equation, based on the data on all 


as functions of nitrogen content. 


the nitrocelluloses, represents the values given in 
table 3 on the nitrocelluloses within about 1.3 


cal y: 


AH —F5S96.88 


26178/" eal/g (0.1158 f' $0.135 


1 


The data on the nitrocelluloses are plotted in 


figure 2 The abcissa is the nitrogen content of 


the nitrocellulose, while the ordinate is the devia- 


TABLE 4 Heat 





tion from the heat of combustion A// 
eq 3 The dotted lines represent eq l an 


Although 


between the heats of combustion of cellulo 


there were significant diff 
cotton linters and from wood pulp, 0.18 
and between the nitrocelluloses from cottor 
and from wood pulp, maximum 0.1 per 
is felt that this probably does not indicat 
difference in the heats of combustion of pul 
lose or of nitrocellulose from cotton linters 0 
pulp. Rather, the differences are an ind 
that the impurities in the materials mad: 
contribution to the heat of combustion 

It will be noted that the nitrogen content 
nitrocelluloses investigated are all intermed 
between the nitrogen contents of dinitroc 
0.1414 
values for the heats of combustion and fon 


, 


f’=0.1111, and trinitrocellulose, f’ 


of dinitrocellulose and trinitrocellulose, cal 
0.1111 and f’=0.1414 
eq 1 and 2, and the corresponding equatior 


by substitution of f’ 


heat of formation, are given in table 4 along 
the values for the celluloses 


VII. Results of Previous Measurements 


Measurements of heats of combustion or heats 
explosion of nitrocelluloses have been report 
Sarrau and Vieille [11], Kast [12], Muraouw 
Prettre [14], Tomioka [15], Schmidt and Bi 
[16], Milus [17], and Taylor and Hall 
figure 2 the results of various investigators 


compared. The values of AH. attributed 


previous investigators were derived as fi 


It 
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ficient data were given, the reported [4] F. D. Rossini, Chem. Rev. 18, 233 (1936 
[5] F. D. Rossini and W. Ek. Deming, J. Wash. Acad. Sei 
29, 416 (1939 
t. S. Jessup, J. Research NBS 21, 475 (1938) RP1140 
R. Katz, Proc. Rov. Soc. Amsterdam 13 IT, 958 (1911 
W. Washburn, BS J. Research 10, 525 (1933 
pressure basis. The resulting values were RP546 
R. 3S. Jessup, J. Research NBS 36, 421 (1946) RP1711 
NBS Circular C475, p. 22 (1949 
‘ 2 |} Sarrau and Vieille, Compt. rend. 93, 269 (1881 
to obtain the values of AH] The | H. Kast, Spreng- und Ziindstoffe p. 71 (1921 Data 


values were not reduced to a common taken from reference [15] 


heat of combustion or heat of explosion 
rected to the basis of the energy units 


: ~ l 
the present work, and for the Washburn 7) J 
| J 


‘|, and, where necessary, were reduced to a 


ibined with values for heats of formation 
products of the combustion or explosion 


ture, because no data on the heat capaci- 3] Muraour, Data taken from reference [15 

The [14] M. Prettre, Mem. Poudres 24, 223 (1931 

Kk. Tomioka, J. Cellulose Inst., Tokyo 8, 88 (1932 

A. Schmidt and F. Becker, Z. ges. Schiess-u. Spreng 
so large that the reduction of the results stoffw. 28, 280 (1933 


nitrocelluloses have been found 
nees between the results of different observ- 


ommon temperature would not improve the | P. R. Milus, Ind. Eng. Chem. 29, 492 (1937 

ent to a significant extent. | J. Taylor and C. R. L. Hall, J. Phys. Chem 
1937 
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Thermal and Moisture Expansion Studies of Some 
Domestic Granites 
By Arthur Hockman and Daniel W. Kessler 


As a part of a study of the physical properties of building stone, thermal expansior 
leterminations were made on 48 samples of domestic granites by the differential inter 
ferometer method with an interferograph recording attachment over the temperature 
rane 20° to Thermal coe flicients computed bet weer 20° and 60° C ranged 
from 4.8 to 3 10 per deg C with an average of 6.2 10 per deg ¢ Coefficients ob 

H0° to O° ¢ averaged 6.7 10 per deg ¢ kxpansion curves draw! 

= indicate slight irregularities in the O- to 20-deg range in the heating curves 

of at least 65 percent of the samples These irregularities are probably caused by moisture 
changes in the sample during the test 

Moisture expansion determinations were made on the 48 samples by means of the 
Tuckerman optical strain gage over a 24-hour period at constant temperature The expar 
sions obtained ranged from 0.0004 to 0.009 percent and averaged 0.0039 percent 

Adverse effects resulting from continued thermal and moisture expansion and contrac 

are believed to be of some significance in monumental structures that are 


expected to last for long periods of time 


I. Introduction resulting from the usual diurnal temperature 


changes cause internal stresses which, after 


(rranite is known to be one of the most durable numerous repetitions, may have a weakening effect 


ructural materials. For this reason it has on the stone. It also seems likely that the granite 


an ideal choice for monuments, public build- may be affected by the unequal expansion of the 


shrines, and structures that are expected to different mineral constituents, and the fact that 


for centuries. There are granite structures the principal constituents, namely feldspar and 


country that have existed for periods up quartz, expand unequally along different crystal- 


00 yr without showing serious signs of dis- lographic axes 


gration, yet there is evidence to show that Expansion effects due to absorption of water by 


vranite structures have begun to deteriorate granite have not been generally understood or 


> than 50 y1 appreciated. The experimental data acquired 
durability of granite may be adversely in this study definitely prove that granite under- 


d by one or more of many physical and goes a change in length on becoming wet. As in 


al agencies. The effect of natural temper- the case of thermal expansion, the repeated ex- 


hanges in contributing to the deterioration pansion and contraction resulting from wetting 


stone has been recognized by geologists and drving may have a weakening effect on the 


ngineers It is well known that the rapid stone. Moisture gradients resulting from partial 


of granite, as in the case of a fire, will wetting of the stone cause internal stresses, which 


cause serious spalling. Not so apparent in the course of time may adversely affect its 


fact that gradients in a granite structure durability. 

thet sesh eo - The purpose of this study was to accumulate 
mperature 
E. Blac 


26, 970 granite over the (emperature range produced by 


data on the thermal expansion characteristics of 
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weather exposures and also on the 


Most 


of the published data on thermal expansion of 


the usual 


expansion due to the absorption of water 


granite were computed from measurements taken 
at larger temperature intervals than. those to 
which masonry is normally subjected, and these 
values can be misleading when applied to the 


seasonal range In this study coefficients of 


linear thermal expansion were determined over 
the range of 20° to +-60° © 1° to 140° F 
Since there are very few data published on the 
moisture expansion of granite, this property was 
determined on the entire series of samples tested 
for thermal expansion This report cites a few 
examples of granite structures that show some 
from temperature and 


deterioration resulting 


moisture effects 


II. Previous Investigations 


A review of the literature on thermal expansion 
measurements of granite reveals that in 1832, 
Bartlett [1]? seeking the cause of fissures in coping 
joints in a granite structure, measured the ther- 
mal expansion of a sample of Massachusetts 
granite, and sumples of marble and limestone. 
His specimens were 94 in. long, and the tempera- 
ture range was 14° to +39° C See table 1 
for results of previous investigations). Also 
about this time, Adie [2] measured the expansion 
of two granites (Aberdeen gray and Peterhead 
red from Scotland), also samples of marble, sand- 
stone, and greenstone His temperature range 
was 10 to YS >} Adie recognized that a 
expanded permanently 


sample of creenstonm 


after several successive heatings Reade [3] in 
ISS6, included four samples of granite in his ther- 
mal expansion studies of several types of rocks 
but did not state the temperature range. In 
1895 at the Watertown Arsenal [4] thermal ex- 
pansion tests were made on eleven samples of 


Measured 


bars, 24 in. by 6 in. by 4 in. were placed in cold 


granite acquired from eight states 
| 


water (32° F), then in hot water (212° F), and 
back in the cold bath 
represented the combined effects of 


These expansion results 
evidently 
temperature and moisture 

In 1909 Baldwin-Wiseman and 


length changes, due to 


Griffith [5] 


‘ 
determined permanent 
heating, for several samples of sandstones, lime- 


:F u n bracket ' ste tl rature r rence at the er 
pape 
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TABLE | Su thermal expansion data 


rious tnvestigators 


stones, marbles, and one sample of granite (P 
head, Seotland The temperature 
+20° to 300° CC. In 1910, Wheeler [6] st 
the effects of six repeated heatings from 

1.000° © 


range 


of samples of Rhode Island gra: 


{ 


Canadian diabase, and of Italian marbl 
19° to 500° C 

The more recent investigations of ther 
expansion include those made in 1936 by G 
[7]. Among the 106 samples of American 
tested by him, about 20 represent granites 
erally used for building and monumental purpos 
His range was room temperature to 260° ( 

In 1939, Willis and DeReus [8] inelud 
measurements of five samples of granite in 
study of concrete aggregate. The tempera 
to 60° C. In 1944, Johnson 


Parsons [9], applving a test procedure sim 


range was o 


that used in the present investigation, ie 
the measurements of four granite samples 
study of thermal expansion of concrete agg! 
Comparatively few investigators have s 
the moisture expansion of building stor 
seems that in ISS86 Schumann [10] (original 
ence unobtainable) was the first to make a 
matic study of moisture expansion of 1 
Hirschwald [11] these 


Using a micrometer microscope, the 


stone repeated 
ments 
determined length changes of several ston 
mens after 2 weeks immersion in wate! 
average expansion obtained for one san 
granite and four samples of basalt was 


percent 
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recent studies of moisture expansion of 
stone include those made by Matsumoto 
idling [13], Royan [14], and Kessler [15]. 
the reports of these investigators did 
ide any data on granite 
amination of all the published data on 
and moisture expansion of granites de- 
(1) 


i scarcity of data on the thermal expansion 


n the preceding paragraphs reveals; 


ristics of domestic vranites ove! the sea- 


n¢ge of temperature ; ~) investigators took 


at wide temperature intervals and few 


servations on cooling; (3) there are prac- 


lly no data available on dimensional changes 


stic granites due to absorption of moisture. 


III. Description of Samples 


1S samples used in this study were collected 


i previous investigation at this Bureau of other 


al properties ol the domestic eranites 116] 


in the reck, the more abundant usually being a 
potash feldspar orthoclase or microcline or both). 
The other is soda-lime feldspar (plagioclase), and 
may include one or more of the following species 
albite, oligoclase, and andesine. In most granites, 
quartz ranks second in abundance to the feldspars, 
a ferro-magnesian mineral (biotite, hornblende, or 
pyroxene) ranking third. The term “commercial 
may include such closely related rocks 


“Black gran- 


cranite”’ 
svenite, monzonite, ete. 


as LNCISs, 


ites’’, also a commercial designation, include rock 


species such as diabase, norite, and gabbro, which 


are somewhat distantly related to the true gran- 
includes of 
Of the 48 granites tested, potash 


ites. This study several these ‘‘re- 


lated”? granites 
feldspar was the most abundant mineral in 


35 
samples, soda-lime feldspar in 10, and quartz in 3. 
Mica the of the 


minerals in 39 samples, hornblende in 4, and pyrox- 


was most abundant ACCESSOLY 


ene in 2. 


samples represent the deposits of the principal The descriptive portion of table 2 gives the 


Most of 


for architectural, monu- 


states. these sample numbers, source, classification, texture, 


ng districts of 17 


tes have been used and major mineral constituents of all samples 
tested. The “classification” of a granite is derived 


from the most abundant accessory mineral, such 


tal, or structural purposes 


Geologically, granite is designated as a crystal- 


“biotite granite,” or “hornblende granite”, 


Textures refers to the average size of the 


‘ 


rock of igneous origin, and is composed of as 


ispar, quartz, and one or more accessory Mmin- ete 


ils such as mica, hornblende, pyroxene, ete. feldspar grains and follows the scale given at the 


7 


end of the table. 


Expansion of Domestic 


rally, there are two kinds of feldspar present 


assification, texture, 


perce ntages of all 


Me 


Me 


es at end of table 


Granites 


composu 


fron, therma eX pansion cor fic ents, and rpans 


sam ple s leste d 





morast , 


com pos f ) f ma er pansior COs fhe ents and , 


entages of all samples { Continued 
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sification, lerture, composition, the 


percentages of a sam ples lested 





IV. Test Method for Thermal Expansion 
Measurements 


1. Apparatus 
(a) Differential Interferometer 


When the usual interferometer method is applied 
to measure the expansion of fine grained mate- 
rials, a relatively small specimen, 2 to 6 mm in 
height is generally used [17]. However, in order 
to make the interferometer applicable to the 
thermal expansion measurement of medium and 
coarse grained granites it was found necessary to 
use a test specimen considerably larger than the 
conventional small one 

For this purpose, a differential interferometer, 
Saunders [18], was 
This 


method is a modification of Fizeau’s differential 


similar to that applied by 
used to make the expansion measurements 


interferometer [19] in which the three adjustable 
screws used by Fizeau to support the top plate 
were replaced by a perforated fused quartz tube 
of a specific height 

In these tests the specimen is 38.42 mm high 
avg. size), T-shaped in cross section, and with a 
maximum width and depth of 12.5 mm. The 
sides are perforated to reduce its heat capacity 
to a minimum. Figure 1 is a schematic diagram 
of the interferometer arrangement used in all 
tests. The specimen rests on a glass thermometer 


plate, ¢, and supports an interferometer plate, 6, 
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interferometer 














Fiaure | 


meter plate; c, fused quartz 


eter plate. 


1, Top interferome 


tube ipporting 


400 


Another interf 


is supported approximately 0.5 


on its upper surface 
plate, a, 
above plate 6 by a perforated fused quar 
12.65 mm high, the latter also resting o1 
and surrounding the specimen, d. Pla 


Plates 6 and e are pol 


polished on both faces 
on the upper faces and fine ground on th 
with the exception of a small area on 

which is polished on both faces in order to | 
the temperature fringes. The expansion 
specimen on heating causes plate 6 to 
toward plate a. This results in a mover 
the interference fringes in the field. ser 


1V-—6 for the details of calculations.) 
(b) Thermal Chamber 


The thermal chamber (fig was the 

that used by Johnson and Parsons [9] Lb 
cylinder, 9 in. long and 3 in. in diamet 
inserted through the top of an ordinary ele 
refrigerator into a tank of kerosine, which 
rounded the freezing coils. The heating elet 
consisted of a hard rubber tube wound wit! 
ft of No. 24 Nichrome wire 


cup, supported from the refrigerator top by 


A removable coy 


rods, held all the components of the interfer 


eter. Just beneath the bottom thermon 
plate were inserted the three variable junct 
of a copper-constantan thermocouple. T! 
slide wire resistors, an ammeter, and a togy 
switch were placed in series with the heat 
element and the 110-y power source for cont 


of the heating current. 


(c) Recording Mechanism 


A recording apparatus (fig. 2) previ 
constructed and used by Johnson and Parson 
was a simplified form of the one original 
signed by Saunders [20]. This apparatus r 
the eyepiece of the ordinary Pulfrich typ: 
ferometer viewing instrument and thus eliminat 
the tedious job of counting fringes visua 
strip of 35-mm high speed photographic fil 
drawn from an ordinary camera cartridg 
rollers by a sprocket geared to a syne! 


A lens ! 


the interference pattern through a yellow 


motor, at the rate of 1%; in. per hr. 


upon a screen with a slit 4% mm wide, wl 
lowed only a very narrow portion of the u 
A side tubs 


angle, pe 


reach the slowly moving film. 
slotted mirror placed at a 45 
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P lor Vie Ww 
Of Side- tube 


observations for checking purposes during 
operation of the recorder (see reference [20] 


ls of the recording instrument 
2. Temperature Determinations 


peratures were measured with an optically 
thermometer plate (fig. 1, e) often referred 
interference or refraction thermometer 
This plate gave a satisfactory set of straight 
nee bands that shifted at a definite rate 
r it was heated or cooled. In order to 
this thermometer plate it was placed, 
with the other components of the inter- 
r, into the thermal chamber, and a ther- 
fringe count determined for a number of 
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equilibrium temperatures, the latter being meas- 
ured by a three-junction thermocouple located 


just beneath the plate. The fringe numbers 


obtained in this manner were plotted against the 
temperatures, and a fringe-temperature curve 
drawn. From this curve it was possible to 
determine the temperature corresponding to any 
specifically numbered fringe. During each test 
the temperature fringes were recorded simul- 


taneously with the expansion fringes 
3. Preparation of the Specimens 


Figure 3, a, b, ¢ and d illustrates the stages in 
the fabrication of a typical test specimen. A 
rectangular prism, approximately 12.5 mm _ by 
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12.5 mm in cross section and approximately 38.5 
mm in length was first cut from the granite sample 
by means of a 6-in. circular diamond saw. Sec- 
tions were then cut away with the same saw leav- 
ing a T-shaped piece having sides approximately 
Next, with the aid 


2.5 mm thick (fig. 3, b and e 


of small fine silicon carbide grinding wheels, the 
specimen illustrated in figure 3, d was completed 
The ends of the finished specimen were ground so 
three 


bottom to contact the glass thermometer plate, 


that there were polished points at the 
and three points at the top to support the lower 
interferometer plate. Similarly, the quartz tube 
used to support the upper interferometer plate 
fig. 1 
bottom surface 


had three polished points on its top and 


With a fine emery stone and a micrometer gage 
the heights of the “legs” of the specimen were 
The legs of the 


quartz supporting tube were adjusted to a height 


equalized to within 0.005 mm 
of 42.65 mm. By setting up all the various parts 
of the interferometer and examining through a 
viewing instrument, the heights of the legs of the 
further to give the 


specimens were adjusted 


desired interference pattern. The finished speci- 
mens, Which averaged 3.2 ¢ in weight, were dried 
at SO° C for 4 davs and placed in a desiccator 


until ready for test 
4. Test Procedure 


After the desired fringe pattern was obtained 


the copper cup containing all the components of 
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the interferometer was placed, very carefu 
the thermal chamber. The chamber wa 
and after a preliminary fast heating to 68° ( 
stabilize the air films between the points of 
of the specimen and of the quartz tube y 


interferometer plates [22], 


the cooling SVs 
started and allowed to operate overnight 
morning after the final adjustments were 1 
the viewing instrument and recording app 
the film was inserted, and the initial temp 
determined by the thermocouple. The 
was then started, cooling system turned 
heating current turned on and increased 
min intervals to produce a uniform rise in tet 
ature of approximately 0.4° C per minut 

the final temperature was reached (approximat 
65° C), the cooling system was again turned 
and the heating current reduced at regula: 
vals until the temperature fell just below 0 
The recorder was then stopped, the chamb 
heated to room temperature to prevent co! 
tion inside, and the specimen removed. | 
the film was rewound into the cartrid 


removed for development 


5. Description of the Interferogram 


The interference pattern when seen throug! 
Viewing instrument appears as shown U 
4, A. When the evepiece of the instrum: 
replaced with the recording apparatus, o! 
narrow portion of the pattern is focused o1 
moving film (fig. 4, B Figure 4, C and 
schematic drawings of portions of a typica 
ferogram resulting from the fringe pattert 
in figure 4, A and B The fringes be 
series of bands that are parallel to the dir 
the movement of the film only so long as | 
equilibrium is maintained, such as during 
few minutes of a test. The upper por 
figure 4, C illustrates this condition. W1 
temperature begins to rise and the speci 
pands, there is a corresponding movet 
temperature and expansion fringes. To 
the interferogram for the counting of 
penciled lines are drawn parallel to a s 
through each intersection of an even n 
thermometer fringe with the thermometet 
line Where each of these penciled lines 
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ind interferogran 


ddle of the specimen trace, the simultaneous 
nsion fringe number is noted. For example, 

passes through temperature fringe No. 0 
xpansion fringe No. 0, line 2 passes through 
erature fringe No. 2 and expansion fringe 


data for a typical test Were as follows 
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When the maximum temperature was reached 
and cooling began, the direction of the fringe 
movement for both expansion and temperature 
was reversed (figure 4, D, n) As the fringes re- 
crossed their respective reference marks they were 


assigned their previous numbers 
6. Calculation of Results 


Since the total number of expansion fringes 
passing during a test was affected by the expansion 
of the quartz tube and the interferometer plate, bh, 
as well as that of the granite specimen (fig. 1), it 
Was necessary lo develop a formula that would 
include all these factors. The following formula 


was used for this purpose 


where L=length of specimen at initial temperature 
7; in millimeters; 
AL=linear expansion of specimen in mm/min 
from T, to any higher temperature, 
r 
number of observed fringes; 
wavelength of monochromatt light in 
millimeters; 
air correction In microns per centimete! 
air space between interferometer plates 
a and 6 in millimeters; 
expansion coefficient of fused quartz 
tube per deg C from 7, to 7); ' 
length of fused quartz tube at 7, in 
millimeters; 
expansion coefficient of interferometer 
plate bh pel deg C from 7, to 7 
height of interferometer plate 6 at 7) in 


millimeters. 
7. Reliability of Results 


in order to check the performances of thy 
apparatus, samples of three different materials 
namely, porcelain, glass, and a metal alloy were 


tested for thermal expansion These values wer 


compared with those obtained on identi al ma 





terials by the Thermal Expansion Section of 


Bureau. The results were as follows 


BC (Porcelair 
BG (Glass 


BI Alloy 
Bureau 


The results agree within the limits of experi- 
mental error 
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V. Thermal Expansion Results 
Discussion 


1. General 
Table 2, column 6 gives the mean coeffi 
three « 
temperature ranges of all samples test: 


linear thermal expansion for 
figure 5 shows their characteristic heat 
cooling curves. The coefficients obtained 
tS samples ranged from 4.8 to 8.3 10~° pe 
between 20° and 60° C with an averag 
6.2 10 The coefficients of 84 pereent 
samples in this same temperature rang 


between 5 and 710°° per deg C. 1 
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ire range 0° to 60° C, the average of the moisture is absorbed. Absorption of water during 
s was 6.3 107° and on cooling (60° to the early heating part of the cycle might account 
vas 6.710 per deg C. for the increased slope of the expansion curve in 


that range, while loss of moisture at higher tem- 
2. Irregularity of Expansion peratures is consistent with the reduced rate of 


ral view of all the expansion curves as expansion occurring at about 10°C, 
d in figure 5 reveals more or less smooth The abrupt change in slope observed in some of 
irves on both heating and cooling. How- the curves at 0° C or slightly above might indi- 
denet Gattitieus 1% com be Candie enatn that cate that some of the absorbed moisture was in a 
65 percent of the samples expand at a frozen state below that temperature. If the 
rate until the region of 0 to 10 deg is sample absorbs water while being cooled to —20° 
then change to a slower rate for about 10 C, there is ample opportunity for the water to 
finally resume a new rate of expansion become frozen since the sample is maintained at 
continues regularly until the maximum this low temperature for at least 9 hrs. The 
 onerature is reached. On the other hand, the relative high thermal coefficient of ice might con- 

curves of all the samples show little tribute to the over-all expansion at the lower 
nce of irregularities. Samples 17, 24, 46, 47, temperatures, while a gradual melting with 
ind 97 show some of the more pronounced attendant loss in volume would reduce the ob- 

of irregular heating curves. These served slope on further heating. 

ilarities were reproducible on retesting of Further evidence to show that irregularities are 


he samples. 





irregular expansion appears to be due to 
sture changes in the sample during the test. 
ater is prevented from entering the sample 
g a test the irregularities disappear. Three 
les showing irregular expansions were re- 
lafter having been dried at 80° C for 4 days 
coated with a synthetic resin water-proofing. 
esulting curves (fig. 6) showed virtually no 
vularities after the treatment. It might also 
oted here that the testing of nonabsorptive 
is, such as glass and metal, produced 
oth coinciding curves on both heating and 


noe 


the uncoated samples were dry at the start 
wh test, absorption of moisture by them ts 
v during the tests. As the temperature of the 
inding atmosphere is reduced, the relative 
dity rises and although the outer wall of the 
ber is colder than the sample during the 
ooling part of the cycle, the latter’s very 
il condition might make it receptive to 
eric moisture. During the early heating 
the cycle the sample is colder than its 








i i j 
. . : 20 30 40 50 
ht be expected A portion of this mois- TEMPERATURE % 





ngs, hence condensation of moisture 


ld most certainly be absorbed. Further ve , 
ld . | f tl Ficgure 6 Thermal expansion cur for three samples 

ould raise the vapor pressure of the wate! granite showing the effect of waterproofing the test spe 

iple above that of the surrounding atmos- coe 

produce a drying action. 


\s shown in section VII, granites expand when 
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probably due to moisture in some form is indi- 
eated by the facet that six samples showing no 
irregularities had an ave rage absorption value of 
‘and a moisture expansion value of 


On the other hand, the = six 


0.08 percent 
O O06 percent 
samples showing the most pronounced irregular- 
ities had an average absorption value of 0.25 per- 
cent and a moisture expansion value of 0.9072 
percent. The average absorption and moisture 
expansion values for all samples were 0.20 percent 


and 0.0039 percent, respectively 


3. Effect of Mineral Composition 


The thermal expansivity of granite is a function 


of the expansivities of its mineral constituents 
There ure 


expansion coefficients of the chief minerals in 


some data available on the thermal 
granite. The values in table 3 indicate that the 
expansion coefficients of quartz differ from those 
of the feldspars, and that the coefficients of potash 
feldspar are different from those of the soda-lime 


mal expansion 


feldspars. Furthermore, each mineral 
at different rates along different crystall 
axes. Since a typical granite of this iy 
tion contains four major mineral cons 
plus several minor ones, all occurring in 
orientation, it would seem impossible to 
precise correlation between mineral cons 
Granites of similar 


different 


and expansivity. 


composition but from quarri 
different results 
Potash feldspar was the most abundant 

constituent in 35 of the 48 samples teste: 
average of the thermal coefficients obtai 
these 35 samples was 6.2 10°° per deg C b 
20° and +60° C. For the 10 samples 
ing soda-lime feldspar as the most al 
mineral constituent, the average of the cor 


was 6.3 107° per deg C in this same rang 
Quartz was the most abundant mineral « 
uent in 3 of the 48 samples tested. The 
of the coefficients for these samples was 7.0) 
deg C between 20° and 60° C sin 
average of the coefficients of quartz meas 
all directions is higher than those of the feldsp 
it seems logical that samples with an abu 
of quartz would have higher than average 


cients 


4. Thermal Expansion Data for Other Building 
Stones 


Table 4 shows the range in linear therma 
sion coefficients determined for some oth 


of stone used for structural purposes 


VI. Test Method for Moisture Expansion 


1. Specimens 


For convenience in preparation, 
specimens, 2 in. in diameter and 2', in. lon 
cored from the original granite samples 
plane surfaces opposite each other were gre 
each specimen, one to provide a_ bas 


other for attachment of the gage 


2. Apparatus 


A brass tank large enough to accor 
two specimens was enclosed within a w 
lated box with a cover having three hol 
of the holes were so spaced as to provide 
for reading the gages, and the other w: 


with a 2-hole rubber stopper for a the 
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Vean of fhic ents ¢ 


me building stones other than granite 


nea fherma expansion for 


Two calibrated Tuckerman optical 
[26], of 2-in. gage length, reading to 
n. were used for the expansion measure- 
ig 7 The knife edges of the gages were 
don thin brass strips attached to the specl- 


th water-proof cement 


3. Procedure 


specimens were dried at 105° C for 24 hr 
wled in a desiccator. The brass. strips 
then attached to one plane face of each 


and, when the cement had hardened 


1B 
< 


YL 


4 


%, 


Diagran 


mounted on orar 
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sufficiently, the specimens were taken into a con- 
trolled temperature room, The gages were then 
mounted and the knife edges held in firm contact 
with the metal strips by small rubber bands placed 
around the specimens and rures The specimens 
with the gages were then placed in the brass tank 
and left overnight to reach an equilibrium tem- 
A flask of distilled water 
About 


16 hrs later the gages were read and water poured 


perature about 21° C 


was also left standing near the specimens 


into the tank until the level reached the tops of 
the specimens. Gage readings were taken at 
approximately 1-hr intervals for 8 hrs and a final 
reading after 24 hrs 

the temperature of the wate 
+0.5 deg C 


mum difference in temperature of the water be- 


During any test 
did not vary more than The maxi- 
tween the time of the first and last reading was 
0.2 deg i 


the gage or 


Errors due to thermal expansion of 


specimen were thereby virtually 
eliminated. 

To verify the fact that the length changes 
observed in the stone specimens were caused only 
by the absorption of water, two metal eviindrical 


specimens were tested in the manner described 


The greatest change observed in four tests was 
» 


210°" in 


this amount, it can be assumed that no significant 


Since the yages are sensitive only to 


dimensional change took place during these tests 


VII. Moisture Expansion Results 


Table 2, 


expansion results for the 48 samples of granite. 


column 7, gives the linear moisture 
The values range from a minimum of 0.0004 
percent to a maximum of 0.0090 percent, with an 
average of 0.0039 percent. Although the immer- 
sion period for each test was 24 hrs, five specimens 
exhibited maximum expansion in 1 hr, and 28 
specimens between 2 and 8 hrs 

Figure 8 gives moisture expansion curves fot 
nine samples, together with the corresponding 
absorption curves. These show results typical for 
all samples tested. Both the expansion and ab- 
sorption curves tend to rise sharply during the 
first few hours and then quickly level off, but there 
seems to be little correlation between the amounts 
of expansion and absorption. The moisture ex- 
pansion values were also compared with density, 
porosity, and mineral composition but no correla- 


tion was found with these properties 
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Table 
obtained for several samples of other types of 


5 shows the moisture expansion values 


building stone, tested in the manner described. 


VIII. Thermal and Moisture Expansion in 
Relation to Durability of Granite 


cites several cases of rock weather- 


Merrill [27] 
ing, including granite, which he attributed to 
Temperature changes 
(1) a 


thermal gradient due to heating or cooling of one 


heating and cooling effects 
can produce internal stresses in two ways: 


surface causes unequal expansion of layers at 
different depths; (2) the various mineral con- 
stituents of granite have different expansion rates 
among themselves and also in different crystal- 
lographic directions. Stresses caused by both 
conditions come into action simultaneously and 
augment each other. Although such stresses are 
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Voisture 


stones other than granite 


expansion values 


usually much lower than those required to p 
rupture, frequent repetition and reversal of 
tions may ultimately cause fractures 
stresses in a compact material like granit 
probably greater than in more porous mate 

Two cases can be cited in which rath: 
spalls occurred at corners of granite masor 
where the superimposed loads were not sufl 
to account for the fractures. It seems poss 
that a complication of stresses due to 
ature effects might occur in such parts of 
tures 

One case of cracking has been examined 
the facade of a building is made of a granit 
unusually large quartz crystals. The p 
columns show considerable cracking on th 
most exposed to the sun, while the shade: 
appear to be entirely sound. Several cubi 
of granite have crumbled away from thy 
of a column base that is freely exposed 
afternoon sun. This case provides eviden 


unequal expansion of the minerals might 
causing the deterioration. 

The moisture expansion values obtained 
study of granites are not large in comparis 
values obtained on certain other types of b 
general the total 


materials. In expal 


granites due to moisture (using average \ 

equivalent to the thermal expansion produ 

temperature change of about 6 degC. It 

possible to determine by the methods used 
study if a wet specimen expands at the sat 
due to a thermal change, as a dry specin 
can be assumed that the two types of ex] 
occur simultaneously, and the total expans 
wet granite can be computed as the sun 
moisture and thermal changes. Using t! 
age values for the thermal and moistur 
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is found that a 100-ft course of granite 
pand 0.05 in. on becoming wet and 0.08 
to a 10 deg C 
total of 0.13 in 
there will be an elastic deformation of 


increase in temperature, 


If the course 1s con- 


and one may estimate the stress produced 
elasticity (/ value) is 


7.000.000 


he modulus of 
Assuming an FE value of 
the resulting compressive stresses would 
b/in.2, which is high in comparison with the 
posed weight stresses in most structures, 
with strength of 


her low in comparison 


ore serious effect might result on coping 
where the masonry has more freedom of 

ent. The combined effect of thermal and 

re expansion may cause each block to move 
the ends of the structure; but when con- 

tion occurs, there is insufficient tensile strength 
the mortar joints to pull the blocks back to their 
vinal position, hence cracks at the joints are 
ed These cracks become partly filled with 
nd sand from the mortar and the next ex- 
results in moving the blocks still further 
joints allow water to enter, and freezing may 
ipture of the mortar in joints at lower 


Schaffer [28] points out that a stress gradient ts 
luced by moisture from rains because the stone 
ked to only a slight depth He believes that 
nt repetition of such stresses might produce 
us effects Observation on granite build- 
vs shows that the surface of granite often scales 
the sealing is usually confined to small 

sof the lower courses. This can be explained 
assumption that salts are carried up into 
nite by ground water, and crystals are 
in the pores. The expansive action of the 


vstals in forming causes tensile stresses 
licular to the exposed face in. sulficient 
s to cause the flaking. It seems likely 
pressive stress parallel to the face result- 
1a moisture gradient would aggravate the 
ection, 

made on 


that 


as hav ce been 
belief 


are not affected as seriously by thermal 


on such studies 


it is the authors’ most 
sture expansion as by other physical and 
agencies. Deterioration due to expan- 
bably does not manifest itself appreciably 
he normal life of a building, but it may 
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become apparent on certain monumental strue- 
tures after a long period of time 


IX. Summary 


1. Thermal and moisture expansion determina- 
tions were made on 48 samples of domestic granites 
representative of those used in important strue- 
tures. Complete descriptions are given of the 
apparatus and test procedures used in making the 
measurements. The major mineral constituents of 
the samples were determined by petrographic 
methods. 

2. The linear thermal expansion coefficients for 
all samples ranged from 4.8 to 8.3>¢ 107° and aver- 
aged 6.2 107° per deg C for the range —20° to 

+ 60° C (—4° to 140° F 


smaller than the average (7.710 


This average value is 
obtained by 
previous investigators, which may be accounted 
for in part by the lower temperature range explored 
in the present study. The coefficients of 84 per- 
cent of the samples were between 5 and 710 
per deg C 

3. Some irregularities in the heating curves were 
evident in about 65 percent of the samples tested. 
These 


between 0) 


irregularities, which occurred somewhere 
and +20° C 
moisture changes in the sample during the test. 


+. Although a 
thermal expansion and mineral composition could 


were probably due to 


definite correlation between 


not be established from the values obtained be- 
cause of the heterogeneous composition of granite, 


that with 


had 


the results indicated cranites excep- 


tionally high percentages of quartz higher 
than average coefficients 

5. The moisture expansion values for a 24-hr 
soaking period at constant temperature, ranged 
from 0.0004 to 0.009 percent with an average of 


a bl 
Phe 


increased rapidly during the first few hours only; 


0.0039 percent for all samples. expansion 
thereafter it increased very slowly or remained 


constant Little correlation was found between 


moisture expansion and mineral composition, 
absorption, specific gravity, or porosity. 

6. It is probable that the repeated thermal ex- 
pansion and contraction of granite resulting from 
weather conditions, is one of the 


natural many 


factors contributing to the eventual disintegra- 


tion of the stone. These adverse effects of tem- 
perature are due mainly to stresses produced by 
the unequal expansion of layers at different depths 


and by the unequal expansion of the mineral con- 
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stituents. The deterioration resulting from ther- 


mal expansion progresses very slowly and probably 


does not manifest itself appreciably during the 
normal life of a building, but it may become ap- 
parent on certain monumental structures after a 
long period of time 

There is some evidence that moisture expansion 
may contribute to the weathering of granite but 
to a lesser degree than thermal expansion. How- 
ever, When moisture and thermal expansions occur 
simultaneously they may cause masonry units to 
be moved slightly out of position and injure the 


mortar joints 


The authors thank Peter Hidnert and James B 
Saunders of this Bureau for their very helpful 
regarding the thermal expansion 


sugvestions uy 


method used in this investigation 
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Separation of 2,3-Dimethylpentane, 1,cis-3-Dimethy]l- 
cyclopentane, and 3-Ethylpentane from Petroleum 


By Augustus R. Glasgow, Jr., Charles B. Willingham, and Frederick D. Rossini 


This report describes the separation 
dimethylpentane and 1, 
petroleum 
with the fou 


the material of this fraction of petroleum. 


of 3-ethylpentane 
is-3-dimethyleyelopentane from the 


normally boiling in the range 89° to 94° ( 


2 


and the fractionation of 2,3- 
aromatic-free fraction of 


The se three compounds, together 


r hydrocarbon compounds previously separated, constitute substantially all of 


} 


For these seven compo inds, the normal boiling 


points (of high-purity samples not from the present investigation) and the estimated amounts 


by volume ir 
pentane, 89.78° ( 
evclopentane, 90.77° C, 0.9 percent; 1,¢ 


3-methvihexane, 91.85° C, 0.5 percent 


cent: and 3-« thvlper tane, 93.47° C, 


I. Introduction 


s part of the work of the API Research Project 
the National Bureau of Standards on the 
onation and analysis of hydrocarbons in 
im [{1, 2],? the program has been completed 

t part of petroleum normally boiling between 
ind 94° C 
| trans-3-dimethyleyclopentane, 


In earlier work [3, 4], 2-methyl- 
| trans- 
methy levclopentane, and 3-methylhexane were 
ited from this fraction, and in the present in- 
tion 2,3-dimethylpentane, 1 ,c¢s-3-dimethyl- 
pentane, and 3-ethylpentane have been 
ned. This report describes the fractiona- 
the latter three hydrocarbons and gives 
mated amounts of all seven hydrocarbon 
nts that comprise the aromatic-free frac- 
troleum normally boiling in the range 89° 


II. Material Analyzed 


\PI Research Project 6 at the National 


f Standards has had under investigation 
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0.1 percent; 2-methylhexane, 90.05° C, 0.7 percent 
is-3-dimethyvleveclopentane, 


1 ,trans-2-dimethyleyclopentane, 


the original Ponea, Oklahoma, crude petroleum are as follows: 2,3-dimethyl- 


1 trans-3-dimethvl- 
Si.z72° CC. 63 percent 


91.87° C, 0.5 per- 


0.05 percent 


since 1928 a large quantity of a representative 
petroleum taken from a well at Ponca, Okla. 
[1, 2, 6]. All of the material from the original 
petroleum normally boiling between 89° and 94° C 
4, 7] 


was blended together for analysis, with the excep- 


remaining after the previous treatment [3, 
tion of small lots of approximately 50 ml each 
of the best samples of 2-methylhexane, 1,trans- 
3-dimethyleyclopentane, 1 ,trans-2-dimethyleyclo- 
pentane, and 3-methylhexane separated in the 
previous processing [8, 4]. Before the beginning 
of the present vestigation, the material was again 
filtered through silica gel [8] to remove traces of 
toluene and produce a mixture containing only 
paraffins and cvecloparaffins. 


Ill. Method of Analysis and Results 


This blend of material normally boiling between 
89° and 94° C 
Following the initial distillation shown 
A, B, C, and D of the distillate 
were further processed to fractionate 2,3-dimethyl- 


was distilled analytically at high 
efficiency 
in figure 1, parts 


1,cis 3-dimethyleyclopentane, and = 3- 
table 1. 
{9} gives a description of the distilling columns 


pentane, 
ethylpentane, as listed in Reference 


used 
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Information on the distillation for the analysis and separation of 2 3-dimethyl pe ntane, 1,cis-3-dimethylcyclopentane 


j-eth yl pe ntane from the aromatic-free fraction of petroleum normally boiling in the range 89° to 9 ( 


Dimethylpentane was fractionated by uzeo- 
distillation with methanol followed by 
distillation, the results of which are shown 


es 2 and 3. In the azeotropic distillation, 


ethanol, which comprised about 40 percent 


me of the distillate, was extracted from the 
rbon portion by three cold water extrac- 
a separatory funnel. The best lot from 


llate shown in figure 3 was selected on the 


wbhons From Petroleum 


, 


om Volume Re 
forming “ae of each sults 
, ifused fraction plotted 
ivare vf : 
lume ofd n 


rbor 
‘ tillate figure 
narged 


basis of boiling point and refractive index as 
having the highest concentration of 2,3-dimethyl- 
pentane. This fraction was examined by spectro- 


graphic infrared absorption measurements by the 


Humble Oil and Refining Company, Houston, 


Texas, and found to contain 57 percent by volume 
of 2,3-dimethylpentane. The results are given in 


table 2 


f samples} 
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ollowing conclusions may be drawn from 
ts of the processing of the 2,3-dimethyl- 
concentrates: (a) The regular distillation 
n figure 1 substantially separated the 


ents normally boiling near 92° C from 


thylpentane and 2-methylhexane —nor- 
oiling near 90° C; (b) azeotropic distilla- 
h methanol was effective in further sepa- 


l-dimethyleyclopentane and 1 frans-3- 


> 


vievelopentane from = 2,3-dimethylpentane 
ethylhexane, as shown in figure 2; (c¢) the 
distillation following the azeotropic dis- 
further improved the 2,3-dimethylpentane 
trate with additional removal of lower- 
|,l-dimethyleyclopentane, as shown in 

d) regular and azeotropic distillation at 

m Hg effects only a partial separation of the 

o paraffins, 2,3-dimethylpentane and 2-methyl- 
However, regular distillation at reduced 

e should produce a more effective sepa- 
because of the increased difference {ap- 
ately l deg + in the boiling points [12] 
two isomers at lower pressures (30 to 50 
owing the regular distillation shown in 
| ,cis-3-dimethyleyclopentane was frac- 

| from the components normally boiling 
C by azeotropic distillation with methanol 
d by regular distillation at a reduced pres- 
54 mm Hg. The results are shown In 
fand 5 Part 2 of the distillate shown in 
> contained the highest concentration of 
dimethylevelopentane. This portion was 
ed by spectrographic infrared absorption 


ements by the Humble Oil and Refining 


inv, Houston, Texas, and found to contain 


ent by volume of | cis-3-dimethyvleyvelo- 
The results are given in table 2 
following conclusions may be drawn from 
cessing of the material normally boiling 
C with re spect to the separation of 1,cis- 
hvlevelopentan i Azeotropic distilla- 
th methanol as shown in figure ! and table 
ices an appreciable separation in the two 
evclopentanes one from the other, re- 
na nine-fold change in the composition of 
isomers in the distillate, as well as effec- 


) 


emoving 3-methylhexane from 1,frans-2- 


vlevclopentane; by 


the regular distillation 
ssure of 54 mm Hg, as shown in figure 5, 
ly removes the }-methyvlhexane from the 
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cycloparaflins because of the greater difference in 
the boiling points [4, 12] at the reduced pressure 
between the paraffin, 3-methylhexane, and the 
eycloparaflins, 1,cis-3-dimethyleyclopentane and 
| trans-2-dimethyleyclopentane. 

3-Ethylpentane was separated from the undis- 
tilled portion, 7), in figure 1, by regular distillation 
followed by azeotropic distillation with methanol 
The results are shown in figures 6 and 7, respec- 
tively The best lot from the distillate shown in 
firure 7 was selected on ihe basis of boiling point 
and refractive index as having the highest concen- 
tration of 3-ethylpentane. This lot was examined 
by spectographic infrared absorption measure- 
ments by the Humble Oil and Refining Co., Bay- 
town, Tex., and found to contain 98.7 percent by 
volume of 3-ethylpentane. The results are given 
in table 2 

The following conclusion may be drawn from 
the processing of the 3-ethylpentane concentrates: 
a) This compound, which occurs in small amount 
in petroleum, is easily separated by regular and 


azeoLlropie distillation 


IV. Amounts in the Crude Petroleum 


The calculation of the amounts by volume of the 
seven compounds in the aromatic-free fraction of 
Ponca, Okla., petroleum, normally boiling between 
89° and 94° C, was made using the data from the 
analysis of seven representative crude petroleums 
[13, 14, 15] supplemented by the results of the 
present investigation, including the spectrographic 
infrared absorption measurements on selected 
fractions as listed in table 2 

The spectrographic data served Lo establish the 
relative amounts of 1,czs-3-dimethylcevclopentane 
and 1,frans-2-dimethylevelopentane, and of 2,3- 
dimethylpentane and 2-methyvlhexane. The data 
on boiling pout and refractive index as a function 
of volume of distillate were utilized to the fullest 
extent of their precision by plotting the data on 
expanded scales of temperature, refractive index, 
and volume for use in the caleulation of the 
amounts of the individual components as described 
in reference [16 

The ratios of 2,3-dimethyvlpentane to 2-methyl- 
hexane and of 1,e/s-3-dimethvlevclopentane to 
1 frans-2-dimethyvlevelopentane found in the pres- 
ent investigation are considered to be representa- 


tive of the original petroleum on the assumption 
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RE 5 Distillation 
S-dimethyle jclopentane 


part A, fig 


frac 
ttrell boiling 


ms of the 
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change in composition of these close- 


that no 
boiling pairs of components, which differ in normal 


boiling point by 0.27° and 0.15° C [12], occurred 
during previous processing losses 

The amounts by volume of the seven hydro- 
carbons in the aromatic-free fraction normally 
to 94°C 


boiling in the range 89 and in the origimal 


petroleum are give in table 3. 


TaABLe 3 
ihe sy 


From the data given in table 3, the following 
points may ay made re varding the composition of 
and 


boiling between S9 


Okla 


composed 


the material normally 
94° C, from the Ponca 
il The 


branched paraffins and cycloparaflins in approxi- 


petroleum 


material is entirely of 


mately equal amounts 

b) The relative amounts of the methvlhexanes, 
dim thylpentane Ss, and « thvl pe ntane are approxti- 
mately 20, 2, and 1, respectively 
c) The relative amounts of the three dimethyl- 


evclopentanes are 1,2. and 1, for the 1.frans-3- 


] frans 2 and 1 cis Isomers respec tively 
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Interference Methods for Producing and Calibrating 


End Standards 


By Chauncey G. Peters and Walter B. Emerson 


An interferometric apparatus developed at the National Bureau of Standards for ruling 


meter scales i ] 


of a decimeter etalor 


terms of waveleagths of light requires accurate determination of the length 


ro compare the results of the interferometric methods of measure- 


ment used at this Bureau with those of other national laboratories, etalons of fused quartz 


having highly pol 


Bureau Thev were 


rechnische Reichsanstalt, and The National 


ns as determined by the 


engths oft 


ished plane and parallel end surfaces were made and calibrated at this 
| | 

then sent to the Bureau International des Poids et Mesures, Physikalish- 

Physical Laboratory for calibration. The 


various laboratories are 


nterferential methods used by the different labora- 


I. Introduction 


Light Waves as Length Standards 


is for the use of light waves as standards 
developed from the classical measure- 
Michelson and Benoit {1}, who in 1893 
d the number of waves of red, green, 
radiations of cadmium in the standard 
d those of Benoit, Fabry, and Perot 2], 
ited these measurements in 1905-06 with 


upparatus 


ng and Calibrating End Standards 


of 0.016 4 (1 part in 6.000.000) and to a 

different interferential 

nd also wavelength 
the paper 


Fabry-Perot 


In 1925 the International Astronomical Union 
provisionally adopted [3] the red radiation of 
cadmium as the standard for wavelength measure- 
ment, assigning as its wavelength for specified 
conditions of gravity, air temperature and _ pres- 
sure, and operation of the source the value deter- 
mined by Benoit, Fabry, and Perot; namely 
\p=6438.4696 10 m. In 1927 the Interna- 
tional Conference on Weights and Measures like- 
wise adopted [4] the red radiation of cadmium as 
the primary wavelength standard with the same 
value, \p=6438.4696 * 10 


fication for the source that differed in some details 


m, but with a speci- 
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from that adopted by the LAU. Further changes 
in the specification of the cadmium source were 
adopted by the International Committee on 
Weights and Measures in 1935 


of this particular radiation appears to have been 


5| The selection 


happy in that no definitely superior line has since 
been discovered in nature. Recently, however, 
artificial Hg" has been produced, which gives 


Furthermore, the original 


superior radiations 
Benoit, 


adopted for its wavelength is confirmed within 


value of Fabry, and Perot that was 
the uncertainties of measurements by later deter- 
minations, as seen in table 1, compiled by Barrell 


[6] 


TABLI 


Although individual determinations of A» differ 
by more than one part in 2 million, the mean of all 
nine corrected determinations is identical with the 
adopted value The wavelengths of certain neon 
and krypton lines have been determined relative 
to Ag with high precision, thus making length 
measurements with these lines equivalent to direct 
comparisons with the cadmium standard. Re- 
peated intercomparisons of lines from numerous 
sources over long pe riods of tum show ho definite 
variations in their wavelengths greater than the 
uncertainty of measurement. It is therefore evi- 
dent that suitable lines can be confidently adopted 
as standards of length 

It is a well-known fact that length standards of 
alloys or other materials have shown considerable 
change in length with time The results in table 
1 show that the meter bars have, however. during 
the interval 1892 to 1940, remained constant in 
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length within the limits of error imposed | 
comparison of ruled seales and light wav: 
For the past 30 years interferential 
using light waves as length standards ha 
employed by this Bureau to calibrate 
and commercial end gages. The original 
of making these tests have been adequa 
Peters and Boyd [14]. Du 
same period other national standardizing 


scribed by 


tories likewise developed methods and ay 
for calibrating gages by means of light wa 

To ascertain the degree of uniformity « 
ferential calibrations by different laborato: 
Bureau in 1927 submitted four 1-in. Jol 
designated: .B,, :B,, “ORB, iB 0 
National Physical Laboratory (NPL), the PI 
ikalisch-Technische Reichsanstalt (PTR), 
Bureau International des Poids et Mes 
BIPM) for calibration. A summary of 
The ina 


measurements differed from the mean by 


gages, 


measurements is given in table 2 


0.03u 


TABLE 2 


NPI 
PTR 
BIPM 
NBs 


In view of the availability, reproducibilit 
manency, and adaptability of light) wa) 
precise measurements of end gages, the 
favored for calibrations up to the maximun 
to which they may be directly applied wit! 
racy. One further step in their evaluat 
length standards remains; i. e.: to determ 
precision with which the prototype met 
scale itself may be reproduced b> means « 
waves. A meter so reproduced will give 
check, within the errors of ruling and me 
of the accuracy of the lengths that ha 


assigned to the waves employed 
2. Purpose of this Investigation 


This Bureau has developed apparatus fo 


meters in terms of light waves, reversing 
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f Michelson and Benoit. The method 
requires the stepping-off of a meter by 
lecimeter end gage that has been meas- 
terms of standard waves. An accurate 
terferometric calibration of this decimeter 
nperative, because any uncertainty in its 
multiplied by a factor of 10 in the meter 
th it. Although the 1927 comparisons 
od agreement among observers for 1-in 
o international comparisons were then 
for gages of 1-decimeter length for which 
difference approaches the limits of satis- 
nterference set by the inherent character- 

f the radiations 
yurpose of the present investigation was to 
rmine the accuracy of this Bureau’s interfer- 
To do 
cimeter end gages of fused quartz were 
ed at the NBS, then two of these were 
tito the NPL, two to the PTR, and two to the 
IPM. Although decimenter gages had been pre- 


easurements of decimeter lengths 


from the same material (a special steel) as 
to be used in ruling meters, it seemed advis- 
this investigation to use gages that were 
of more precise measurement than were 
res. From considerations of permanency, 
hermal expansivily, and the perfection with 
h optical surfaces may be polished plane and 
fused quartz glass was selected as the 
titable Although this is. too 
its fragility proved 


material 
for commercial gages, 
handicap in the present investigation. 
sults obtained by the use of these fused 
rages give a critical test of the uniformity 
surements by interferential methods at the 


tandardizing laboratories 


3. Data 


er to meet the more exacting requirements 


nt-day gage calibrations, interferential 
employed at the NBS have been modified 
t since the paper of Peters and Boyd was 

Detailed 


these present me thods, together with the 


information is therefore 

‘tained at this Bureau for 12 fused quartz 
end gages, including 5 that were also 
by standardizing laboratories that use 

erferential methods 

auxiliary investigation, gages of fused 

bined with fused quartz plates to form 
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a Fabry-Perot interferometer, proved adaptable 
to the determination of the refractive index of air 
and to the determination of other useful wave- 
lengths by comparison with the standard cadmium 
wavelength. The results of preliminary measure- 
ments of the refractive index of air and also the 
wavelength values that were obtained for several 
radiations of cadmium and krypton are included. 
Because of the proved value of these fused quartz 
gages and consequently their possible value to 
other investigators, the procedure in making them 


is included in this paper 


II. Procedure in Making the Gages 
1. Preparation of Blanks 


Fused quartz was obtained commercially in the 
form of cylindrical slugs (diameter 8 em, length 11 
em These slugs were clear except for scattered 
minute bubbles, which did not affect their use for 
end gages. Each slug was sawed into blanks 2 
em square and slightly over 10 em long, which 
were afterward heated in an electric furnace to 
1,145° C 
cooled in the furnace to 900° C at the rate of 1° C 
The heating current was then cut 
This 


heat-treatment left the quartz in about the same 


held at this temperature 35 min and 


per minute 


off, increasing the cooling rate somewhat 


strain-free condition when examined in polarized 
After 


cooling, the blanks were machine-ground on all 


light as that of well-annealed optical glass 


faces and finished with 303 emery to within 15 
fringes (4.5) of the correct length 


2. Finishing of the Gages 


First an attempt was made to work the gages in 
multiple. Four over-length blanks were cemented 
together and fused quartz blocks 1 by 2 by 5 em 
were cemented at the ends of the blanks, as shown 
in figure 1, to prevent rounding of the edges during 
polishing. The surfaces were then ground and 


Multiple 


the gages proved unsatisfactory how- 


polished to correct form and length 
working of 
ever, for after the pressure on the blanks (which 
resulted from the cementing operation) was re- 
leased the gage surfaces were found to be distorted 
and thei parallelism destroyed Final procedure 
was to work each blocked-up end surface of each 


») 


gage separately slocks of fused quartz 1 by 2 


hy »o em were cemented to one end of n blank 
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after which that end surface was fine-ground with 

304 emery on a cast iron lap and pitch-polished 

plane, using opticians lump rouge. During the 

early polishing operation, surfaces were inspected 

with the simple interferometric testing device of 
» 


Peters and Boyd shown in figure 2 consisting of 


source, S, of monochromatic light, diffusing glass 
plate, L, and a thin glass plate, ?, set at 45 deg 
to perpendi ular LH from the eye to the surface 
As a surface approached its final form, more precise 
measurements were made with apparatus de- 
scribed below 

After one end of a gag had been finished, the 
blocks were removed and applied to the unfinished 


end, which was then worked to make it plane, 


parallel to and 100 mm distant from the first 


surface. Length measurements were first made 
with a Zeiss optimeter until the gage was within 
6 or 7 fringes (2u) of the required length, and 
errors in parallelism were down to 1 fringe. At 
this stage more sensitive methods of measuring 
both parallelism and length were substituted. 
It was found necessary to continue to completion 
work once started on a surface because of slippage 
of the cemented blocks with time and, for this 
reason, rapidity was an added requirement of the 
test methods 
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Appa 


3. Method of Checking Parallelism and Planene: 
of the Ends 


The apparatus for testing parallelis 
planeness of the ends is illustrated in { 
Three quartz end gages (1, 2, 3), each 2 | 
10.03 em, made accurately to the samy 
were wrung to quartz flat B To the ot 
of each of these, quartz flat A was also 
The adjacent surfaces of A and B were th 
and parallel (to 0.01A), and 10.03 em 
Sis a thin wooden strip that was attache 
rear of supports 1 and 2 by means of way 
G is in position for test. The assembled ap 
is shown in figure 4 

The procedure for testing parallelism of s 
Was to insert a gage between the plan 
of A and B and to incline it slightly to the 
by so resting it against the strip S as t 
spacing of about 2 mm to the straight 
that were formed by interference of heliu 
reflected from the lower surface of A at 
the top of the gave These fringes were 
normally by means of a Pulfrich instrum: 
which is a self-contained device for illun 
and viewing the surfaces and for me 
deviations and displacements of the fringes 


ch 
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‘— CROSS WIRES 
ER FRINGES 


Uppe 


ng and Calibrating End Standards 


cross wires of this instrument were made parallel 
to the fringes in direction ad, figure 5. Next, the 
instrument was refocused upon a lower set of 
fringes formed by interference at the upper surface 
of B and the bottom of the gage. The condition 
of parallelism required that the latter set of fringes 


should also be parallel to the cross wires, 1. e 


the upper and lower sets of fringes should be 


mutually parallel. The deviation from this con- 
dition was a measure of lack of parallelism. For 
example: if distance ¢ from the fringe to the cross 
wire differs from f by one-third the distance 
between two fringes, then the gage lengths at 
edges a and 6 differ by fringe (0.1 This 
difference in length at opposite edges, or lack of 
parallelism, will be termed the “slope” of the 
rave In ordet Lo compensate for possible slope 


in the apparatus, the gage was measured in one 
position, rotated 180 deg. and remeasured: the 
recorded slope of a gage is the mean of these 


measurements The slope was determined at a, 


b and ¢, d for each gage These tests could be 
made rapidly and consequently served as a con- 
venient basis for correcting errors in parallelism 
The accuracy of the method was verified by 
length measurements at opposite edges of the 
gages 

For making accurate measurements of plane- 
ness with the same apparatus, the procedure was 
to place the tested surface beneath plate .1 as 
shown by G in figure 3. [ts curvature was deter- 


mined by placing straight edge E. figure 6, above 
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the fringe pattern and measuring the departure 


of a fringe from a straight line If a surface was 





higher at its center than at its edges by 's fringe, 
then the end of the gage was considered ‘4 fringe 
0.lu) convex. In general, departures from plane- 


ness assumed the form of regular curvatures 
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4. Rapid Method for Checking Lengths 











In order to expedite length measurements during 
the making of the gages, a comparator that is an Figure 7. Interferometric length compa 


adaptation of the interferometer described by E. ond 2. ane rela’ teeneseie on plate / 
c 42 ( zo ure ¢ ansverse on piute 
> ] 4 he . - 7 . 
riest [16] was used his is shown in figure , 
* ct 7% rh —— cae S separation equals one-half the distance bi 
and also in figure 4 (slightly to the left of center Sot Ge See iusted to pl 
. . a ane crews S&S. OS are ac stec oO Dia 
For temperature stability, the base and the inter- urface of D parallel to and slightly abov 
: s ace aratie oO and shig above 
ferometer support were machined from a heavy . 
1 4 ‘ "| device R, operates a small rod r, which p 
ste asting 4 wure is a stainiess stee . 
es S gees — 7 the making or breaking of contact at ¢ 
anvil with two parallel strips each 0.5 mm wide, inclinatior fp with } tt B 
ic i on o 1 espec 0 > ms re 
which supports alternately a standard quartz gage wenlh stentahes tots ba laa dal 
: one : ; i , SLalg wes are seen en ¢ 
nl the gage t | tested he bott i \ d rr 
und the gage to be Phe bottom of anvil A are illuminated and viewed normally rh 
and the top of the base on which it rests were ber of frin between J nd I d pel 
‘ ves Th een 4 nine 4 aepena 
lapped plane wrung together, and then held by ; 
. the inclination of the adjacent surfaces of 
means of screws is a glass flat that is cemented iD ind the | neth f tl alt wav 
‘ e length o we tieh uve 
In a recess In the top of the block DD Is another In f tin ’ tandar | ’ first 
Cs gy, § Stanaare race s s 
class nt at sts 1 i ustable s ‘\ s } , 
ola fla ‘es r ; ~ - l ible pe Vv point between C' and A and the fringes between 
S S P| ~ - att ’ ~ «F creer 4 ry . 
ind 1 veld in pla Vv spring plunget I L. counted The count is repeated after 
above S, S which press down lightly in depressions 
tuting the unknown gage for the standard 


in the top of plate J), above and in line (Z,) with Lest oll thee hectedl enue eel 1 
eny C LEeSLOCCd Gage ” 


thr supporting screws Contact ( is a small ball 


that is cemented into a depression in D Lines ; d 1), In which 
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the length of the unknown gage 
the length of the standard gage 


and L, 


the number of fringes between L, 


with the unknown gage 


and L 


the number of fringes between L 


with the standard gage 
the wavelength of the source 


may be positive or negative with respect 
other, and their signs must be considered 
juation. If the fringes are viewed with a 
instrument, m and ”, may be determined 
nge by Inspection ; thus, the difference in 
of the two gages can be quickly measured 
vavelength (0.06u 

irements were made immediately aftet 
ttempted correction in which great care 
be taken to avoid over-correction) when 
e Was at a nonuniform and indeterminate 
iture that was higher than that of the 
rd gage as a result of the polishing operation 
juently, the end point of each attempt de- 
upon the judgment of the operator in 


efor contraction of a gage upon cooling 
5. Gages Produced 


owing the above procedure, fifteen deci- 
rages were made and later, using modified 
apparatus, six 50-mm gages, one 35-mm 
ind two 25-mm gages were produced 
removal of the end blocks, the edges ol 
ves were bevell dl slightly The races were 
wefully measured again for planeness and 
ism by the methods as described, and 
of the decimetet rages were found satis- 
for use as standards Table 3 gives the 
these gages, and 


Let a, b, ¢, 


ss and parallelism of 


S will aid in its interpretation 


medial points of the edges of one face of 


and ¢, f, g, h be the corresponding points of 


vosite face The headings of columns 2 to 


ing and Calibrating End Standards 


6 refer to the directions in which the planeness 
It will be noted that 
always the surface first brought to final 


measurements were made 
one face 

correction—is more nearly plane than the other 
face The edge containing a was taken as the 
Col- 
umn 6 gives the combined curvature of the gage 


a + 


with a gage number, refer to 


standard edge in subsequent calibrations. 


surfaces in plane abfe Subscripts A, 
later associated 


lengths at a, 6, ¢, and d, respectively. 























Ill. Calibrating the Gages 


1. General Methods 


The length of a gage may be 


a) Interferential comparison with a standard 


gage of known length b) Direct interferential 


measurement of the distance between its faces 
(a) Comparative Method 


Method a Is a 


aecurate means for calibrating a gage 


relatively simple and very 
when the 
length of a like standard is known to the required 
accuracy If the gages are of the same material, 
shape, and finish and are placed side-by-side for 
comparison, departures from standard temperature 
Only 


the differential effect on the gages will in this case 


conditions tend to affect the gages alike 


bye included in the measurements and, conse- 


quently, the requirements for temperature control 


are not specially exacting 


in length of the stand- 


and measurement 
Furthermore, the difference 
ard and tested gage is usually small and may be 
measured with great accuracy by means of simple 
These considerations 


Interferometric apparatus 


reduce the necessary equipment to simple temper- 
ature apparatus, two interferometer plates, a source 
and an instrument 


of mono hromatt radiations 


for viewing and measuring fringe displacements 
(b) Direct Method 


If a standard gage of the required accuracy is 
not available or if the length of a standard itself 
Is required accurate calibrations may be made by 
with light waves for gage 


direct measurement 


lengths less than 5 in. The measuring require- 
ments of this method are more exac ting than for 
therefore, elaborate and 


method 2 and more 


sensitive apparatus is needed. Accurate knowl- 
edge of the temperature and thermal expansivity 
gage is also because the full 
difference in length at 
20° C in US) and at the existing temperature 


of il hecessary 


standard temperature 


must be taken into account. This is of major 
importance in calibrating steel gages but less so 
with fused quartz, which has a thermal expansiv- 
ity one-thirtieth that of steel Furthermore, since 
the order of interference (number of waves) to 
be determined is large, the lengths of the waves 
must be accurately known. This requires knowl- 
edge of the density and refractive index of the 


medium surrounding the etalon in order that wave- 
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determined by: 


lengths at standard conditions may be c 
to wavelengths at existing conditions 
Measurements are sometimes made in 
and, when so made, require exact values o 
tive indices and dispersions in order to co 
wavelengths to vacuum wavelengths: and 
also a correction for the expansion of the ga 
compressibility —cort 


reduced pressure 


These corrections must be applied for t] 


existing atmospheric pressure 


2. Adaptations of the General Methods | 
Calibration of Decimeter Gages 


Adaptations of these general methods w: 
in calibrating the fused quartz gages. Bex 
the simplicity and accuracy of the comp 
method, the following procedure given in 
detail was used 

Two of the 12 gages were selected as ref 
standards These were carefully compares 
each other, and relative lengths of the re 
gages were determined by comparison Wit! 
standard. For computational convenien 
standard was assumed to have a mid-sid 
of 100.000 OOO mm 

Actual lengths of the two reference st 
were next determined by direct measuremet 
wavelengths of the standard radiation of ca 
and of two homogeneous radiations of 
Later, the actual lengths of the other 
likewise determined 

From these measurements a corrected va 
obtained for the length of each reference stat 
by means of which the previously det 
relative lengths were converted to actual k 1 

Thus, two values resulted for each of thi 
the 12 gages—one, by comparison with tl 
standards; and the other, by 


Although | 


so determined were not independent values 


relerene eC 


measurement with light waves 


gave a basis for appraising the measureme! 


eliminating any unduly large differenc: 


two values 


IV. Relative Lengths 


1. Description of the Comparative Meth 


Comparative lengths of the fused quartz 
were determined by the method illustra 


figure 9 and in figure 4 at extreme right 
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Prod 


3G, and G, were WI 


ing and Calibrating 


ung side-by “sic on the 


End Standards 


fused quartz base B (diameter, 57 mm, thickness, 


20 mm) having the top surface plane to 0.014. 
Upper quartz plate A (diameter 50 mm, thickness, 
9 mm) having its lower surface plane to 0.01 was 
placed on top of the gages forming a wedge that 
produced about 10 fringes across the surfaces. 

The combination was placed in a chamber regu- 
lated at 20°+0.01° C by means of apparatus 
described by Souder and Peters [18,19]. Although 
this accurate temperature control was unnecessary 
for comparing fused quartz gages, it was essential 
when for a special test a quartz and a steel gage 
were compared 

The source of illumination was a helium tube 
incorporated in a Pulfrich viewing instrument, 
which disperses the light The relative displace- 
ment of the two sets of fringes formed by reflection 
from the lower surface of A and the upper surfaces 
of the two gages was measured at adjacent edges 
of the gages for the red, vi llow, and green lines of 
helium. Difference in length of the gages was 
calculated from the measured displacements of 


the fringes and the wavelengths of the light 


2. Comparative Measurements: Relative Lengths 
of the Gages 


Giages 5, and 94 were selected as reference stand- 
ards Gage 9, was 0.085u longer than 5, as found 
by the above method of comparison. Assuming 5, 
to be 100.000 000 mm and 9, to be 100.000 085 
mm, the relative lengths of the remaining gages 
were determined by comparison with each of these 
as standard Table 4 shows that the | ngths of a 
gage obtained by comparison with 5, and 9, agre 
within from 0.001 to 0.0224, thus assuring thi 
reliability of the comparative measurements. 
The “average difference’ of —0.001u confirms the 
relative values that were determined for 5, and 
9,. Relative midside lengths given in table 4 
were later used (section V] to obtain Ik ngths at 
the center of the gages 

Additional measurements included intercom- 
parisons of six 50-mm fused quartz gages and com- 
parisons of the 100-mm reference standards with 
combinations of these 50-mm gages and, also, with 


100-mm and 4-in. steel gages. 





f the gages by compa 
jag / i 


V. Lengths by Direct Interferential 
Measurement 


1. Description of the Direct Method 
(a) General Plan 


The Fabry -Perot method was selected for direct 
measurements of length because of the accuracy 
and convenience with which temperatures may be 


controlled and because of the sharply defined 


_ 
} | oll 

A 
de 


lpparatus 


fringes it furnishes. In its application 
measurements, the gage itself, @, serves as 
rator for two Fabry-Perot interferomete: 
The arrangement of the apparatus is sl 
Interferometer P,P, is 


within constant temperature chamber, A 


figures 10 and 11. 


transmitted waves, after multiple reflectior 
duce a system of interference rings that is { 
by lens Z, upon slit F of the spectromete: 
images of the slit corresponding to different 
lengths from the source, S, are separated 
Each image will be crossed | 
that 
these ¢ 


spectrometer. 
of the 


radiation, 


ring system 
the 
] 


fringes are measured 


formed by pal 


and diameters of 
either directly by meal 
the 
photographed and then measured 


fring. 
The 

distance between the interferometer plate 
be the 


the rings and the wavelengths of the source 


micrometer eyepiece at ke. or 


determined from measured diamet 


(b) Interferometer 

The 
interferometer plates to the ends of the 
Plates of 
4 10 


interferometer was formed by wri 


glass (thermal 


optical 
proved unsatisfactory for combining 


fused quartz separators (expansivity 4 


expal Si 


Because of the differential expansion, distort 


of the plates resulted after wringing unless g 


and plates were at the same temperature wl 


brought together, and distortion likewise result 


whenever the temperature of the combinatio1 


veasurement of lenath. 
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Figure 11 


Dis- 
tion was avoided by using plates of fused quartz 


nt from the wringing temperature 


d for its optical homogeneity. These were 
to 0.01u, and one surface of each was coated 

th a thin silver film by sputtering from a silver 
ode in vacuum. The silver coating was re- 
oved from sufficient area to permit the gage to 
wrung to the quartz glass surface. Two pairs 

f plates (diameter 56 mm, thickness 9.5 mm) and 
ter 68 mm, thickness 8.5 mm) respectively, 


red as required, were used during the 


irements. Interferometers thus constructed 
sufficiently plane and parallel to give measur- 
ble fringes with several different radiations for a 
0-mm path 
lo avoid errors caused by bending of the gage, 
nsideration was given to the method of support- 
y the interferometer in its horizontal position. 
red lengths differing by 0.154 were obtained 
the combination was supported at its ends 
ddle, respectively. Any error attributable 
ding was finally reduced to the required 
by supporting the interferometer at points 


from the ends of the gage 
(c) Constant Temperature Apparatus 


During the measurements the interferometer 


12, was maintained at 20 0.01°C ina 
acketed tubular brass container The ends 
tube were closed with optically flat glass 
one of which was permanently sealed ina 
it one end of the tube, whereas the other 
movable to permit access to the interfer- 


Slidable metal baffles B,, RB, 
d with windows isolated the central part 


chambet 


chamber where the temperature Was most 


Light from the source was diaphragmed 
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Assembled apparatus for direct interferential measurement of length 


by means of cardboard disks placed In B, and B,. 
A copper tube led from the inteferometer chamber 
to the outside and, through this, air could be either 
admitted through a drying train or the container 
evacuated. Calcium chloride was used as a dry- 
ing agent within the chamber 

For proper regulation of the temperature, water 
was circulated (by means of a motor-driven pro- 
peller) between the tube containing the interfer- 
ometer and a surrounding brass tube, and given 
directional flow around the inner tube by means 
soldered to the 


of vanes and baffles (not shown 


tubes. The bath liquid was water-cooled by coil 
( and electrically heated by coil 7/7. A_ relay 
operated by thermostat J regulated the amount 
of heat supplied. Temperature of the bath was 
measured by means of an exceptionally rapid mer- 
cury thermometer calibrated at frequent intervals 
This 


constant temperature apparatus Was encased ina 


by the Bureau’s Thermometry Section. 
wooden box and insulated with mineral wool 
With the glass plates attached to the tube ends 
and with baffles and diaphragms in place for cali- 
decimeter Tages, the interferometer 


bration of 
chamber was explored with differential thermo- 
couples, one junction of each couple being im con- 
bulb 


showed that after the apparatus had been oper- 


tact with the thermometer Exploration 


ating 3 or more hr the chamber attained the 
temperature of the bath to 0.01°C, provided room 
temperature was within 1.0° C of the bath temper- 
Under these 
eradient existed in the inner chamber 


ature conditions no measurable 


(d) Spectrometer 


The present method differs from that of Peters 
and Boyd by using a constant deviation spectrom- 
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eter (Hilger 78: index 1.74 for the J line) rather 
than a diffraction grating for cduspersing light 

In the preliminary work ring diameters were 
usually measured by means of a micrometer eve- 
plece but in the final calibrations a camera re- 
placed the evepiece ana the Iringes were photo- 
graphed for permanent record using Eastman 
Type Ill—F plates. Three or four exposures 
were made on each plate for a given source, with 
periods ranging from 30 see to 12 min-—to suit 
the individual lines Gage lengths computed 
from. the photographed rings agreed with those 
obtained by direct visual measurement with the 
micrometer eveprece, 

(e) Barometer 

\tmospheric pressures were measured by means 
of a standard mercury barometer that had been 
alibrated by the Aeronautical Instrument Sec- 
tion of this Bureau Observations were recorded 
to the nearest 0.05 mm, although the limiting 
accuracy of the measurements probably did not 
exceed 0.1 mm 

(f) Sources of Light 


Neon, krypton, and cadmium discharge tubes 


were used during the investigation. The final 
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nperature appa 
calibrations were however based solely 


measurements with the red radiation 
6438.4696 A) of cadmium as a primary sta! 


and upon two green radiations (Ag =5562.2255 


d, 5570.2892 A) of krypton as secondary 


ards 


The cadmium tubes were obtained from M 
and were similar to those used by Megget 
Humphreys [20] for wavelength compa 
These were operated in a furnace maintan 
S96? < 

The krypton tubes were used either 
or “end-on”’ without affecting the results 
measurements were made with the tubes 
because of the greater intensity of the lines 
values given above for the krypton wavel 
were obtained by Meggers and Humph 


comparison with the standard wavelength ) 
(g) Reduction of Observations 


| Vlethod of calculation The optical : 
tion, LZ, of the interferometer surfaces 


center of the ring system is given by the 
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V is the order of interference (the num- 
ives of length \ in the distance 2Z over 
light travels 


on 1 may also be stated as 
2L=Nhx 


n is the order of interference at the first 
d a is the fraction of a wave that 
om n. Thus N consists of an integral 
plus fraction a. 
actional difference a for a given radiation 
computed from the measured diameters 
or more rings by the method of Childs 
| Burns and Kiess [22] in the form given 
phreys 233] 
il were based on the value of a determined 


In the present work, results 


measured rings 
rder to determine n, fractional values a, 
for several radiations of known wave- 
hes 2 . are required, together with an 
mate value, 7, for L 


tained micrometrically to within 1 or 2y. 


which may usually 
pbsequent computing procedure is given by 

24] and modified by Peters [25] 

ersion of wa elengths at standard condi- 
wavelengths at conditions of measurement 
ht waves vary in length with air density, 
nown lengths at standard conditions (15 
mm) must be converted to lengths at the 
temperatures and pressures. Conversion 


is sufficiently accurate for this purpose: 


1) P288 

where , —— 
7607 

and uw,are refractive indices at 15°C and 

ybserved temperature, 7 is the observed 


temperature, and P is the observed 


for phase change at reflection and 
Calculated length Z is the distance 
reflecting surfaces of the silver films, 
the required length is that between the 
ss surfaces onto which a gage is wrung 
a small correction that is equal to 
ness of the silver films plus or minus the 
ange that occurs on reflection at their 


must be applied Lo L 
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To determine the magnitude of this correction, 
a quartz glass test flat is placed over each inter- 
ferometer plate so as to cover both clear and 
silvered parts. Each plate gives two systems of 
fringes arising from the interference between the 
front and back surfaces of the separating air films 
The system at the silvered area, owing to the com- 
bined effect of difference in thickness of the air 
film and difference in phase change by reflection, 
is displaced (less than 1 order) relative to the 


system at the clear portion. The combined dis- 
placement for the two plates multiplied by \/2 
gives the required correction to L 

1) Correction for 


length thus determined is the separation of the 


curvature and slo pn The 


glass surfaces of the interferometer plates at the 
center of the ring system, which lies outside the 
gage. This will also be the required axial length 
of the gage (unless account is taken of the very 


thin wringing films) provided its surfaces are 


plane and parallel. For gages that are not plane 


and parallel, the difference in length at the center 
of the ring system and at the center of the gage 
may be calculated from the measured planeness 
and parallelism of the gage surfaces and the ap- 
proximate distance between the center of the 
ring system and the gage. In order to make this 
calculation, it must necessarily be assumed that, 
upon wringing, the surfaces of the plate conform 
to the surfaces of the gages. The validity of this 
assumption depends greatly upon the contour 
and regularity of curvature of the surfaces and 
emphasizes the necessity of having plane and 
parallel cages for precise calibrations 

5 Tllustratior7 of con putatior s. Table 5 illus- 
trates the method for making the computations 
for a 100-mm gage. Column 1 gives the wave- 
lengths used; 2, the number of rings from the cen- 
ter of the ring system; 3, the measured diameter 
of the rings; 4, the square of these diameters; 5, 
the difference in squares of the diameters of 
successive rings; 6, the fractional part @ of the 
order at the center of each ring system; 7, the 
order of interference V or the number of waves 
in double the distance between reflecting surfaces 
of the plates at the center of the ring system; and 
8, the distance in millimeters between these re- 


flecting surfaces 





2. Measurements 


(a) Preliminary Measurements 


100-mm gage Direct measurements by the Fab: 
method were first made of two 50-m 
quartz gages with krypton and neon 
These furnish a large number of spectral li: 
are sufficiently homogeneous in structure 
interference over this shorter path. The fi 
lengths were obtained from visual measu 
of the fringe diameters 


50.000 580 50.000 
19.0090 807 10.999 & 


Sum 100.000 477 (1 


Next, gages 2 and 4 were wrung togetlhy 
their combined length was determined in the sa 
manner from measurements of photographed 
ference patterns for three lines of krypt 
Lengths thus obtained were 


100.000 503 
100.000 507 
100.000 497 


100.000 502 


The small difference (0.025 yu) between 
which gages 2 and 4 were measured indi 
and (2) in which the gages were meas 
combination established the integral Ol 
interference for the decimeter etalon 

Later, 50mm gages 4 and 5 were m 
directly, using the standard radiation of ca 
and the two secondary standard radiat 
krypton. Values for gage 4 were comput 
diametric measurements of photographed 
values for gage 5 (first wringing) were co! 
from visual measurements of the diame 
two observers. Later, the interferomete! 
were removed from gage 5 and rewrung 


wringing) to the gage. The length of thi 


Before making final direct measurements of the was measured both visually and photogray 


100-mm gages, steps were taken 


to assure the The results of the determinations, tabl 


accuracy of the integral order of interference no systematic or appreciable differenc 
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Lenaths of two 50-mm fused q sartz etalons at the center of the ring system by direct measurement with light waves 


Af43S. 4608 v , P25. ng krypton (A5570.2s8¥2 Mean of 
three rad 
tior 
From photo om photo.| Visually | From phot : 


am 


40.949 SAS 


40.000 884 


V 14_WUY AS V 10 WUU SAE 


FIRST WRINGING 


10.000 93. vay 
40.909 O36 Orit) 

49.999 9S. 0.999 | 
19.909 22 0.908 | 


40.009 92 19.490 
SECOND WRINGING 


00 O44 


gag ¢ 





ervers, b visual o1 photographic measure 
or (c) the three spectral sources. The 
alues given in the last column of table 6 


valent to the following mid-edge lengths; 
49.999 SSO mm 
$9.999 932 mm 


i¢ for 4, is but 0.01 uw different from that 
eviously with krypton and neon radia- 
Using these values for 4, and 5,4, the 
live lengths table 7 of other 50-mm 
iwes were obtained As a check upon 
acy of the comparisons, gages 2 and 3 

t and 7 were wrung together and com- Approximate lengths were next established for 
trom table 7, combination 2443, the 100-mm reference standards by the following 
‘6 mm =sand combination 1,+7,4 procedures 

mm: or a difference in length of i By comparison with combinations of the 

whereas the difference found by direct 50-mm gages that are summarized in table 7 

nm of the combinations was 0.358 pu b) By comparison with an NBS standard 4-in 
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steel gage. This gage had been measured directly ranged from 0.000 to 0.0414, for different 
with light waves and had also been compared with Measurements of a given etalon why 
combinations of 1-in., 2-in., and 50-mm. steel turbed in its position within the constant 
gages, Which in turn had been calibrated directly ature chamber gave the same lengths wit 


with light waves Its length was confirmed within w on successive days during which ba 


0.000002 in. (0.05 uw) by comparing it with gages pressure varied from 750 to 761 mm IH 


that had been certified by other national standard- same values were, however, not always obt 


izing laboratories. In making these comparisons, successive wringings of gages and plat 
gages were placed in the constant temperature maximum difference observed (0.065. 
chamber at least 4 hrs before measurements 16; table 8) is greater than would be expe: 
were taken wringing or from correcting for curvat 
The following approximate lengths were thus slope, and greatly exceeds that obtained 
obtained for the reference standards. mm gages. Upon reviewing the measu 
the most likely explanation appeared to 
discordance resulted from the method 
used to adjust the etalon to its correct 
position in the constant temperature « 
The adjustment was effected by applying 
pressure to the rear face of an interferomet 
99, 999 90] 99, 999 890 


by means of a rod. This operation could 
OO OOO O79 Oo 4O9 OS] ~ 


ably strain the gage and result in a bending 
might not be relieved upon removal of 
These measurements established the lengths of sure. This explanation was verified in lat 
the reference gages to well within 1 fringe; and by the excellent agreement obtained for s 
the preliminary measurements in toto assured the 
exact integral orders of interference for decimeter ramus 8. Lenathe: 
etalons when the red radiation of cadmium and the measurement 


two green radiations of krypton were used 


(b) Final Measurements 


Final direct measurements of reference stand- 
ards 5 and 9 were made at 20° C with cadmium 
and krypton sources; and it was considered advis- 
able to measure in the same manner the gages to be 
calibrated by other laboratories. 

Calibrations for most of the gages are based upon 
two wringings of gages and plates. Three expos- 
ures were usually made for each source, with times 
ranging from 30 sec to 12 min for the individual 
lines. Although several radiations of cadmium 
and krypton gave fringes that were measured, 
only the three standard lines were used for comput- 
ing gage lengths because of uncertainty as to the 
homogenity of the other lines The individual 
values computed from the three standard radia- 
tions usually agreed to 0.01u, as shown in table 8 

No orderly difference was found in measure- 
ments made with large and with small interferom- 
eter plates These plates were resilvered from 
time to time, and the combined corrections for film 


thickness and phase change fot pairs ot plates 
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when other adjusting procedures were side lengths given in table 4 must be converted to 

actual lengths at the axis. Lengths in table 4 

use of the corrections in table 9, the are based upon the assumption that 54 = 100.000 000 

hat were determined at the center of the mm and by comparison with this, 9,— 100.000 085 

tem (located 5 mm from the edge of a mm. The actual lengths of the reference stand- 
direct measurement with light waves ards as found by direct measurement were 5, 

verted to mid-edge lengths and to axial 99.999 874 and 9,—99.999 980 mm. Instead, how- 

if the gages. These are given in table 10, ever, of using the measured lengths of the reference 

standards to convert table 4 values to actual 

values, lengths 5,=—99.999 S98 mm; 9, — 99.999 982 

mm were used. These corrected values (see table 

11) were derived from the directly measured lengths 

of all gages and the very accurate comparisons of 

each reference standard with the other gages upon 

which table 4 is based. These corrected lengths 

are considered more reliable than those obtained 

from the relatively few direct measurements of 

the standards The corrected lengths of 5, and 

9, are 0.024 and 0.002u greater than the directly 

measured lengths and, since the final comparative 

length of a third gage was taken as the mean of 

its comparisons with 5 and 9, its value is increased 

0.0134, using corrected lengths The difference 

0.0844) in the corrected lengths of 5, and 9, 

concords better with the difference (O.085u) that 

was obtained in the original comparisons of 5, 

and 9, than does the difference of 0.106u resulting 

from the direct measurements of the two gages 


Table 12 shows thre close agreement of the pre- 


mmary of Comparative and Direct 
Measurements of the Gages 


the comparative calibrations of the deci- 


re can be summarized, the relative mid- 
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liminary calibrations of 5, and 9, with the meas 


ured and corrected lengths 


TABLE 12 Lengths of ref fandar rious methods 


WY. G89 YR? 


9. GaN ROD 


mary of arial leng 


With 5. 


mm mm 
woo S12 WO. YOY B10 
19 STU W. 999 903 
100 O7F Wy YY He 
YUU StL 09. G09 874 
Yuy SAL v9. 999 GO! 
yoo O74 9. 999 OTT 
UUme | vy. vue O74 
1 uN S44 Wy. W998 RTT 


109 O22 44. 999 YOR 


999 O62 10. 009 & 
4 GN O99 GE 


wo WUy St) 


VII. Comparison of the Calibrations by the 
Various Standardizing Laboratories 


Following completion of the measurements the 

NBS 
calibration 
of 


Bureau International des Poids et 


rages numbers, and 


assigned 


thei 


were two, 


together with certificates, were 


submitted to each the following laboratories 
for calibration 


\lesures, 
and National Physical Laboratory 


Physikalish-Technische Reichsanstalt, 

Either final 
or preliminary reports have been received for five 
of the 


rages 


1. Methods Used at the Other Laboratories 
The 


testing laboratories 


following methods were used at the othe 
(a) Bureau International des Poids et Mesures 
The gage was wrung to the plane surface of a 


fused quartz base plate and placed in an industrial 
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The length of each gage at its A edge 
tained from the comparative values given 
4 by using the corrected values of 5, and 9 
Lengths at 


conversion. the center of th 


(axial lengths) were obtained from the n 
lengths by applying the slope and curvat 
rections in table 9. 

The axial lengths determined by compa: 
gages with the reference standards and als: 
determined wit! 


It. will be 
that the greatest difference in length (A 


by direct measurement 


waves are summarized in table 13. 


gage by the two methods is 0.024 u 


direct meas ement and by con pa 


nin 

west 
wou at 
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Woy SAT 
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interferometer,© which carried a glass int 


meter plate at a short distance from th 
of the 
from measurements of the Fizeau fringes b 


surface gage. Lengths were det 
the part of the class plate over the gage al 


upper face of the _and those between a 


yage 
part of the glass plate and the upper suri 
the quartz base plate. The radiations us 
two vellow lines of mercury and one yello 


two green lines of kry pton 


(b) Physikalish-Technische Reichsanstalt 


(rages sent to the PTR were | kew1se cal 


by the use of Fizeau fringes. At this labo 
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as mounted horizontally with one surface 
» a fused-quartz base plate. The distance 
middle of the other surface of the gage 
ase surface was measured interferometric- 
itedly by the PTR method,’ which is 
from that employed at the BIPM. The 
| radiation of cadmium and five lines of 
were used—the wavelengths of the kryp- 
s having been determined by comparison 


standard wavelength of cadmium 


(c) The National Physical Laboratory 
end of a gage was wrung to a crystalline 
plate. A second crystalline quartz plate 
pported about 15 mm above the upper 
of the gage by means of a fused quartz tube 
closed the gage and had plane and parallel 
es In wringing contact with the upper and 
lates Light from the source was projected 


to the interferometer producing, by 


tion from the lower surface of the upper plate 


top surface of the gage and likewise from 


nt surfaces of the plates, two systems of 


10. 999 S48 
4.9900 S44 
990 844 


my yuO us4 


Haidinger fringes. These were focused upon the 
slit of a spectrograph. The calibrations were 
based upon four wave-lengths of krypton 

It will be noted that the interferential methods 
used by the above laboratories and the NBS 
differ among themselves. For calibrating fused 
quartz gages, which do not require the exacting 
temperature control necessary for the direct 
measurement of steel gages and for which the 
Fabry-Perot method is particularly adaptable, 
some of the other methods have certain advan- 
tages, namely: (1) bending of a gage is eliminated 
at the BIPM and NPL by measuring it in a ver- 


tical position; and (2 


the errors introduced by 
wringing together imperfect surfaces are less by 


the BIPM and PTR methods, which require but 
one wringing 
2. Summary and Comparison of the Calibrations 
A summary of the results at present available 
is given in table 14, in which the NBS bracketed 
lengths are those originally 
These differ less than 0.0104 from 
the final derived lengths, which are based upon 


riven in the gage 


certificates 


additional planeness and parallelism measurements 


not included in the original computations 





The agreement of the NBS calibrations with 
those of the other laboratories may be stated as 
follows 

Gage NBS 11: BIPM value—NBS value 


0.007 u 


Crave NBS 


2 T i NBS value 
0.027 u 

Gage NBS 15: PTR value—NBS value 
0.0204 

Gage NBS 13: NPL values value 
0.0100 * to—O0.055u 

Gage NBS 14: NPL values S value 
0.018u! to+0.094u 


NPI 
ri 


Comparison of the NBS with the NPL calibra- 
tions is less definite than with the BIPM and 
PTR determinations Apparent increases in 
length resulted from various wetting and drying 
treatments of the gages at the NPL when meas- 
ured interferentially, although purely mechanical 
methods of measurement gave no change. Ex- 
tensive interferometric comparisons at the NBS 
of two gages, one being alternately immersed in 
water and dried for several days, agreed with 
the NPL mechanical measurements, giving no 


change as great as 0.005u.° 
3. Discussion and Conclusion 


The NBS ealibrations differ from the BIPM 
calibration by 0.0074; from the PTR calibra- 
tions by 0.020 and 0.0274; and from the 
initial measurements at the NPL by +0.010 and 

O.01Su The lack of agreement with the NPL 
measurements that were made after wetting and 
drying the gages has been mentioned 

Gages 2 and 15 were returned to this Bureau 
after calibration by the PTR. Repeated com- 
parisons of these gages (each having one surface 
plane and the other 0.034 concave), made with 


the plane and concave surfaces wrung in different 


lable d 
erence 


S gla 


sequence to the base plate, gave values th: 
among themselves as much as the PTR 
tions differ from those of the NBS. Lat: 
give a possible explanation for the diff 
obtained and show the importance of pla 
surfaces for precise calibrations. Thess 
were made with 50-mm fused quartz gages 
one plane and one concave surface, eacl 
wrung alternately to a fused-quartz bass 
A shorter mid-side length was measured wl 
concave surface was wrung to the plat 
indicating a “flattening” of the concave su 
the magnitude depending upon the intim 
contact of the wrung surfaces 

Agreement of the calibrations by the \ 
observers is thus limited by uncertainties 
measurement that may be attributed to la 
planeness of the rages The vreatest differ: 
0.0274 in the independent calibrations 
reasonably be ascribed entirely to lack of plan 
of the gages. It may certainly be concluded 
the diverse interferential methods used by 
BIPM, PTR, NPL, and NBS give the s 
lengths to a maximum uncertainty of 0.02 
1 part in 3,700,000 and toa probable uncerta 
much less 

The results give assurance that de 
lengths can be measured bv the Fabry-P 
method to the accuracy required for ru 
standard meter seales. In the light of the 
mation obtained from this investigation, the s 
faces of the steel decimeter gyages to be ust 
stepping-off the meter scales should be rewo 
to the highest planeness attainable through pres 
technique. Improvement in the gages, 
temperature control, and in the measuri 
paratus may reasonably be expected to redu 
uncertainty of calibration to 0.02 for the 


gages. This is equivalent to 0.24 in a met 
l 


part in 5 million. 


VIII. Application of Fused Quartz Gage: 
to Other Investigations 


Fabry-Perot interferometers are common! 
for determining refractive indices of gases a 
wavelength comparisons. Fused quartz ¢ 
similar to those used in the gage calibratio 
particularly suitable for these measureme! 
cause of the rigid construction and low tl 


expansivity of the etalons, and the planen 
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s th: 
rR 


Lat: 


diff 
~ pla 
‘hess 
ivre's 
eacl 
base 
d wl 
ate 
su 


itim 


n of the interferometer surfaces.  In- 
wavelengths are calculated directly from 
sured orders of interference between 
onsequently, they are not subject to the 
ities of gage calibrations in which meas- 
ical lengths must be transferred to me- 


lengths at the center of the gages. 
1. Refractive Index of Dry Air 
fractive index of air, n, may be defined as 


Number of waves in thickess (¢) of air 
Number of waves in thickness (¢) of vacuum 


be determined by obtaining the order of 
ence of monochromatic radiations in air 
vacuum 

minary measurements to test the suita- 

of fused quartz Fabry-Perot etalons for 

determinations were made in April, 1934 
onsisted of five individual determinations 
C of the refractive index of dry air con- 
a normal carbon dioxide content, and of 

similar determinations at 20° C. In this 

the orders of interference with a 50-mm 

were obtained alternately in air and vacuum 
radiations of krypton and neon Correc- 

vere made for the expansion of the etalon in 

im, using C=9.9> 107 [28] as the coefficient 

upressibility. Index values so obtained are 

ired in a subsequent table with those of 

ind Barrell at the NPL; Pérard at the 

Késters and Lampe at the PTR; and 

gers and Peters at the NBS, to which reference 
be made. 

1918 Meggers and Peters [29] determined the 
ve index of air at 0°, 15°, and 30° C for 
an 200 wavelengths of Cu, Fe, Ne, H, and 
en 2,218 and 9,000 A 


d in tables giving the observed index at 


Their results were 


velength, and also in more convenient 
iving the indices as calculated from dis- 
equations that were derived from the 
| data 

t Pérard [30] determined the indices at 
elengths in the visible spectrum at tem- 
s between 0° to 100° C and derived from 


toduc'ng and Calibrating End Standards 


these the following dispersion equation for CO,- 
free dry air 


V—1)10° PRS OD 1.478 
, ‘4 i ry 


0.0316 h l L- Bh ] 
) a THOC] 7608) 1+0.0037 168 


in which A=wavelength in air (microns), 
i= pressure (mm 
#— temperature C 


B=2.4X10 


zero Without appreciable error 


which can be taken as 


In 1934 Késters and Lampe [9, 10] gave the 
following equation for the index of CO.-free dry 


air at 20° C 


0°, 


1.476 . 0.01803\1+a-20 B 
(268.0364 | ) | 
r ] 


! at 760 


in which \—wavelength in vacuum (microns 
a-— 0.00367. 


In 1937 Sears and Barrell [31, 32] gave the fol- 
lowing equations for CO,-free dry air, which were 
derived from determinations with eight wave- 


lengths in the visible spectrum: 


pP ] bp ] 20a 
760(1+7608) 1+aT’ 
, L51S89 


10°— 267.879 0.01246 
=i (am) r: d! , 


wavelength in vacuum (microns 
0.73 10°° 
0.003674 


in which 


Table 15 gives the indices calculated by Sears 
and Barrell from the various equations at eight 
wavelengths and converted by them to like con- 
ditions of CO,-free, dry air at 15° C, 760 mm Hg 
The values of Pérard, Sears and Barrell, and 
Késters and Lampe are appreciably higher then 
those of Meggers and Peters, which are admittedly 
low because, for lack of the hecessary data, no 
correction Was applied for the increased length of 
the etalons in vacuum, although they were the 





first to call attention to this required correction 
Furthermore their equation does not fit their ob- 


servations particularly well in the red end of the 


spectrum and for this reason their observed values 
the curve this 
for the 6,438 Cd line 


are more reliable than values in 


region. For example: (n-1 
[i 
whereas their observed data for this spectral region 


276110 


; 760 mm) is 2758 107° by their equation, 
which, if corrected by 3x10 
the the 
changing from atmospheric to vacuum conditions 


2764 < 10 


vives 


for increase mn length of etalon when 


vives (7 ] as found by the other 


observ ers 








The indices determined in the present prelim- 
inary study are seen in figure 13: cireles are the 
mean (n—1) values of five determinations at 15° C 
while dots are the means of two determinations at 
eS ¢ 


using Meggers and Peters’ optical coefficients 


indices 


The 


which have been converted to 15 


Taste 15 


full line in figure 13 represents the aver 
persion curve obtained bv converting the « 
values of Pérard, Sears and Barrell, ana 
and Lampe for CO,-free air to values for a 
a normal CQO, content 

In general the present observations li: 
the average curve of the other observers. a 
a slight difference in the form of that curv 
drawn through the observed points is in 
Unfortunately, several of the neon lines 
not suitable for a 100-mm path, causing dey 
Also 
curacy of determinations with the 4,274 ar 


of lor 2107? from a smooth curve 


A Kr lines is questionable, because with 


paths of this magnitude the limiting order of 


ference was approached for these wavelengt| 


ing the fringes to be indistinct 


2. Wavelergths by Comparison With the 


Standard Wavelength 


In calibrating the decimeter gages by 


measurement with light waves, krypton an: 


mium sources were alternated, and the o 


interference was determined for all lines that 


measureable fringes From these data th 
lengths of several Kr and Cd radiations w 


tained by comparison with wavelength \ 


standard radiation of Cd in the following ma 


The optical path was taken as the product 


order of interference and the way elength emp 


The order of interference, as determined, ini 


the phase change at reflection from the sily 
faces. The combined correction for film th 
and phase change evaluated for red, yellow 

and blue radiations of helium indicated th 
difference in optical path attributable to si 
phase change within this spectral range w 
small in comparison with the total path to 
duce appreciable error in the determined 
lengths. Consequently, the optical path ol! 
for the standard radiation was considered 
to all visible radiations of Cd and Kr. T 
tical path divided by the order for a given lu 
then, the wavelength of that line for the 

pheric conditions at which the measuremet! 
made. The final step was to convert thes: 
to wavelengths at 15° C and 760 mm Hg 

The gage data were sufficient to give th 


shown in table 16 for the wavelengths of tl 
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$71 Kr and the 4,800; 5,086 Cd radiations determined for these radiations by various Inves- 
yptical path of 200 mm.’ Wavelengths tigators are given in table 17 

Wavelenatl Jackson’s values for Kr wavelengths are greatet 
than those given by the other observers and exceed 
the average values of those observers by 0.0011, 
0.006, and 0.0010 A for the 5,562: 5,570: 5.871 
radiations. The uniformity of the values, partic- 
ularly for the 5,562: 5.570 lines, by observers 1.3. 
and 5 indicates an incompatability of Jackson's 
results with theirs. The preponderance of deter- 
minations giving shorter values makes the inclusion 
of Jackson’s wavelengths questionable when arriv- 
ing at the most reliable values for the wavelengths 
The following wavelengths based upon the deter- 
minations of Meggers and Humphreys, Meggers 
and Burns, Pérard and Peters and Emerson are 
considered by the authors to be the most reliable 
values now available: Kr,, 5562.2255; Kai 


5570.2893: Kre. 5870.9157 


«\ 


The greater discordance by the various ob- 
servers for the 4,800 and 5,086 Cd wavelengths 
may be attributed to nonhomogeneity of these 
lines; studies by Michelson and Pérard have con- 
firmed the presence of satellites that affect the 
wavelength measurements and give different 
wavelength values when paths of different length 
are used. The hyperfine structure of these and 
other cadmium lines has been studied in detail by 
Schiller and Bruck [37] and by Schiller and 
Keyston [38] 
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A Note on the Formation and Structure of Iron 
Dendrites in a Magnesium Alloy 
By Harry C. Burnett, Jr. and Herbert C. Vacher 


\Metallographi« 


CXaMminatiol 
1 OOO ! il 

radiograp! 

cdurectiotr 

conmi- 


a metallographic examination of 


vy pure magnesium, several six-pointed, 
iped inclusions were observed, see figure 1 
agnesium had been heated to 1,000° C in 
co iron erucible and stirred with an iron 
The presence of similar inclusions In magne- 
has been reported by Beck ' and by Fahren- 
and Bulion,? who concluded that they were 
dendrites. Fahrenhorst and Bulion reported 
the solubility of iron in liquid magnesium at 
ting point (650° C) was 0.025 percent, and 
90° C dt percent These 
substantially verified by Mitchell 


Bulion discussed 


was 0O.S4 values 


enhorst and the manner 
wth of iron dendrites but did not clearly 
the the 


both 


hether they crew mn eubie or 
combination of 
the 


es grew only in these directions the maxt- 


ral directions or a 


are six cubie directions, and if iron 


mber of branches in a plane passing 
the 


nclude angles of 90 


nucleus would be four, and they 
Likewise, there are 
wrahedral directions and if the dendrites 
these directions only, the maximum num- 
branches in a plane passing through the 
would also be four, but they would include 
{ 70 110 
a plane section through the nucleus, has 
nches. lt that the 


of the dendrite was not in 


and The dendrite in figure 1, 


can be concluded 
the cubie or 


al directions alone 


ton Dendrites in Magnesium 


of commercial 


ium that had bee 
her exami 


orm rate 


If iron dendrites grew in magnesium in both the 


cubte and octahedral directions simultaneously. 


the maximum number of branches in a_ plan 


passing through the nucleus would be six— two in 
cubic directions and four in o¢ tahedral directions 
The 


octahedral directions would be 70 


angle between adjacent branches in the 


, and the angle 
between adjacent cubic and octahedral directions 


Is oe) Starting with il cubi direction thre 


angular spacing between adjacent branches is 55 


U.. o.oo . 40 
the 


developed branches 


, and 55 In order to test this 
between the 
A, B&B. €. 


figure 1 were measured as accurately 


possibility, angles more 


feetly 


per- 
and J) in 
is possible 
A and B, 62 
and D) 
that the 


and were found to be 60° between 


between B and (, and 5S between ¢ 


These results preclude the possibility 
iron dendrites grow ina combination of cubic nnd 
octahedral directions. Since the maximum nun 

ber ol branches Hi any one plane Passing through 
that had 


would be six, 


the center of a dendrite crrown in th 


dode ( ahe dral 


angular spacing 


directions amd the 


between the branches would bye 
60°, it may be presumed that the branches of iron 


dendrites in magnesium grow in the twelve 
dodecahedral directions, 

In order to obtain more compl te data on thi 
appearance of dendrites, 


ron microradiographs 


were made. A specimen, *s in. by *% in. having a 
thickness of 0.010 in. was prepared from the sam 
material in which was found the dendrite shown 
used with al 


cluster ol 


in figure 1. Copper radiation was 


specimen-to-film distance of 28 em photo- 
microradiograph in figure 2 


dendrites. \ these 


show Ss a 


study of and others shows 


443 





that there are certain characteristic details that 


indicate that the dendrites grew in twelve diree 
tions, that is, in the dodee ahedral directions 
In interpreting the photomicroradiographs in 


firures 2,3, a,4,a.5, a, and 6, a, it should be kept inh 


mind that the images are silhouettes of three- 
dimensional inclusions made by projecting them 
perpendicularly onto a flat photographic plate 
In these photomicroradiographs it will be noted 
that certain branches are lighter than others, that 
the number of branches varies, and that the angles 
between the branches differ To consider these 
variations systematically a model was made of a 
hypothetical dendrite that grew at the same rate 
in all twelve dodecahedral directions. It was 
then photographed using a long focal-length lens 
so that the photographs would simulate a photo- 
microradiograph, with the exception that varia- 
tion in spoke intensity could not be produced 
The POsitLOns of the model were such that the 
optical axis of the camera coincided with an 
octahedral axis, figure 3, b: a dodecahedral axis, 
figure 4, b; a cubie axis, figure 5, b; and an icosite- 
trahedral axis, figure 6, b The orientations of 
the spokes of the model dodes ahedral directions 
inh the photographs 3,b tb, 5.b and 6, b, are shown 
in the stereographic projections 3, ¢, 4, ¢, 5, ¢, and 
i, c respectively. The plane of projection in each 
cause corresponds to the phot graphic film. The 


photon icroradiographs were then inspected t> 


Photomicrorad ograph 


lendrites in magnesium 
determine if the appearance of certain 
dendrites conformed to the appearance 
photographs of the model in the afore-namy 
tions. 

The photomicroradiograph of the large den 
in figure 3, ais in good agreement with the ph 
graph of the model figure 3,b. In this orientatir 
all twelve spokes of the model are visible. § 
long spokes spaced 60° apart that are in the pla 
of the photographic plate, and six spokes th 
appear shorter due to being inclined 55°. 7! 
angular spacing between the twelve spokes wh 
they are projected onto the plane of the phot 
Only three of the inelir 


spokes are shown on the stereographic proj: 


graphic plate is 30 
figure 3. ¢ The other three are on the Oppos 
side of the projection Inspection of the pho 
microradiograph, figure 3, a shows that the 
branch at the left is not developed completes 


liowey 


it is noted that there is a semblance of sin 


is the short branch at the lower right 
branches and six short branches as sho 
figure 3, b, also that the two long branches 


right have minor branches. These minor brane! 


appear to have crown parallel to the long ria 


branches, which should be the case if they ¢ 
in dodecahedral directions as shown in figur 
The relative lengths of the short and long bi 
compare favorably with the phovograph 
model, figure 3, b, which indicates that the d 
was growing at the same rate inall twelve dir 
In figure 4, a there is a large well-dé 

dendrite having six long branches The b 
to the left and right are darker than the up] 
lower branches This can be explained by 


lating that growth was the same amount 
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twelve dodecahedral directions If the orientation 


shown in figure 4,¢ is assumed, then there are two 
branches to the right and left, in the plane of the 
photograph, eight inclined branches are in pairs, 
each pair lying in a plane perpendicular to the 
plane of the photograph thus the image of each 
of the absorption ol 
the 
X rays have heen 


that 


inclined branch is the result 
X-rays 
left 


absorbed in only one branch It is 


branches, whereas in 


the 


through two 


and right branches 


noted 


the angles between the spokes in figure 4, b, start- 
the left, 


These angles are apparent 


ing with the one at are 55°, 70°, 55 


55", «0 and 55 
between the branches in figure 4, a 
the one 


A and 


in the lower left corner of figure 2 have four long 


The lower dendrite in figure 5 
and four short branches The four long branches 
are darker than the four short ones, and the angles 
between the short and long branches appear to 
be 45 


photomicroradiographs also can be 


The appearance of these dendrites in the 
explained on 
the basis that growth was in the twelve dodeca- 
hedral 


figure 5, « 


directions with orientations as shown in 


The four long and darker branches are 


ite 


when viewed in icosiletra 


bolas j lor 
" lei dend 


directions in the plane of the photograph 
four short but lighter branches are pairs of 
directions in planes perpendicular to the 
the photograph 

The photomicroradiograph in figure 6 
plained on the basis that the dendrite 
orientation indicated in figure 6, b, and 6 
angles between the spokes in figure 6, b 
with the one in the lower left corner, are 


52°, 58°, 58°, 32°, 32°, and 58 


These ap 


agree closely with the angles between the bra 


in the photomicroradiograph 
As a 


concluded that: 


result of these observations it ha 


|. Photomicroradiography is a useful 
determining the number and angular s| 
dendritic arms 


2. Lron 


dendrites in magnesium grow 
nucleus in the twelve dodecabedral direct 
3. All twelve dendritic arms appear to 


the same rate 
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